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SUMMARY 

T h i s  r e p o r t  i s  t he  f i n a l  one i n  a s e r i e s  o f  th ree .  Based on a 

s t ream- f i lament  a n a l y s i s  procedure and a c o r r e l a t i o n  of t o t a l - p r e s s u r e -  

l oss  c o e f f i c i e n t s  developed i n  the P a r t  I r e p o r t  (NREC Repor t  No. l l z s - l ) ,  

a computer program f o r  the a n a l y s i s  o f  the  geometry and des ign-po in t  pe r -  

formance o f  a x i a l  f l o w  t u r b i n e s  was prepared. The computer program i s  

p resented  i n  t h e  P a r t  I I  r e p o r t  (NREC Repor t  No. 1125-2). T h i s  P a r t  I l l  

r e p o r t  i s  concerned w i t h  t h e  a p p l i c a t i o n  o f  t h e  computer program t o  t h e  

a n a l y s i s  o f  t u r b i n e  des ign  requ i  rements. 

The r e p o r t  p resents  t h e  r e s u l t s  of a genera l  i n v e s t i g a t i o n  o f  

the  e f f e c t s  o f  changes i n  the  r a d i a l  v a r i a t i o n  o f  des ign  s p e c i f i c a t i o n s  

such as the  s t a t o r  e x i t  t angen t ia l  v e l o c i t y  and t h e  work ou tpu t .  These 

r e s u l t s  a r e  in tended t o  p r o v i d e  guidance t o  f u t u r e  users  of the  program 

who a r e  presented  w i t h  cons iderab ly  more freedom i n  t u r b i n e  des ign  u s i n g  

a s t ream- f i lament  approach t o  the  des ign  problem. The r e p o r t  a l s o  pre-  

sents  the  r e s u l t s  of a s p e c i f i c  i n v e s t i g a t i o n  of t h e  geometry and des ign-  

p o i n t  performance of  f o u r  tu rb ines  which s a t i s f y  a s e l e c t e d  des ign  r e -  

quirement. The f o u r  t u r b i n e s  cover a range of t i p  d iameters f rom a v a l u e  

c o n s i s t e n t  w i t h  a conserva t i ve  design t o  a va lue  which i s  75 per cen t  of  

t h a t  s e l e c t e d  fo r  t h e  conserva t ive  stage. The performance p r e d i c t i o n s  

show a 5.6 per  cen t  drop i n  t o t a l - t o - t o t a l  e f f i c i e n c y  and a 9.2 per cen t  

d rop  i n  t o t a l - t o - s t a t i c  e f f i c i e n c y  fo r  the  i nc rease  i n  s tage load ing  wh ich  

accompani es t h e  d i ameter reduc t i on. 
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I NTRODUCT I ON 

T h i s  i s  t h e  t h i r d  p a r t  of a th ree -pa r t  r e p o r t  concern ing  t h e  

deve opment of  a computer program f o r  t he  des ign-po in t  a n a l y s i s  o f  a x i a  

f l o w  tu rb ines .  The P a r t  I r e p o r t ,  Reference 1 ,  p resents  the  development 

of t h e  a n a l y s i s  method and a loss c o e f f i c i e n t  c o r r e l a t i o n .  The P a r t  I I  

r e p o r t ,  Reference 2 ,  descr ibes  the computer program. T h i s  f i n a l  r e p o r t  

o f  t he  s e r i e s  cons ide rs  t h e  a p p l i c a t i o n  o f  t he  program t o  p a r t i c u l a r  t u r -  

b i n e  des i  gn examples. 

The computer program i s  based on a s t ream- f i lament  approach t o  

t u r b i n e  des ign wh ich  i nc ludes  c o n s i d e r a t i o n  o f  t he  mer id iona l  components 

o f  s t r e a m l i n e  s lope  and curva ture .  S o l u t i o n s  of  t h e  f l o w  f i e l d  a r e  ob- 

t a i n e d  where t h e  f l o w  can be considered axisymrnetr ic; t h a t  i s ,  a t  t he  

t u r b i n e  i n l e t ,  a l l  i n t e r b l a d e  row des ign  s t a t i o n s ,  and the  f i n a l  s tage 

e x i t .  For  an a n a l y s i s  of  t h e  des ign-po in t  geometry and performance o f  a 

t u r b i n e ,  t he  des ign  requi rements a re  c o n v e n t i o n a l l y  expressed by t h e  i n l e t  

we igh t  f l o w ,  t h e  i n l e t  t o t a l  temperature and t o t a l  p ressure ,  t he  power out- 

p u t  o f  t he  i n d i v i d u a l  spools  i n  a m u l t i s p o o l  u n i t ,  and the  r o t a t i v e  speed 

o f  t he  spools. I n  a d d i t i o n  t o  the s tandard  des ign  a n a l y s i s  v a r i a b l e s  of 

annulus geometry, number o f  stages, and power o u t p u t  s p l i t  between stages,  

t he  program enables the  t u r b i n e  designer t o  cons ider  as a n a l y s i s  v a r i a b l e s  

t h e  r a d i a l  v a r i a t i o n s  of  t h e  i n l e t  c o n d i t i o n s ,  s t reaml ine  c u r v a t u r e  and 

s lope,  element l o s s  c o e f f i c i e n t  or  e f f i c i e n c y ,  s t a t o r  e x i t  w h i r l  v e l o c i t y  

or a b s o l u t e  f l o w  ang le ,  and power ou tpu t .  The program a l s o  i nco rpo ra tes  

a t o t a l - p r e s s u r e - l o s s  c o e f f i c i e n t  c o r r e l a t i o n  so t h a t  i t  i s  p o s s i b l e  t o  

make comparison of  a l t e r n a t i v e  designs u s i n g  parameters which a re  f u l l y  

c o n s i s t e n t  w i t h  t h e  assumed c o r r e l a t i o n  o f  t o t a l - p r e s s u r e  l oss  f o r  t h e  
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i n d i v i d u a l  elements of t h e  b lad ing.  

The conten ts  of t h e  r e p o r t  a r e  i n  two major  c a t e g o r i e s :  one, a 

general  i n v e s t i g a t i o n  of t h e  e f fec ts  on p r e d i c t e d  geometry and performance 

of  t h e  parameters which may be se lec ted  by the  des igner ;  and t w o ,  t h e  

a n a l y s i s  of a s e r i e s  of f o u r  t u r b i n e s  t o  s a t i s f y  the  same des ign-po in t  

requirements b u t  d i f f e r i n g  i n  o u t s i d e  diameter.  The computer program 

p e r m i t s  the s p e c i f i c a t i o n  of r a d i a l  v a r i a t i o n s  of such des ign  v a r i a b l e s  

as t h e  s t a t o r  e x i t  f l o w  ang le  or w h i r l  v e l o c i t y  and t h e  power o u t p u t  o f  

i n d i v i d u a l  stream f i laments .  However, the  requirements t h a t  t h e  s o l u t i o n  

of  t h e  f ow f i e l d  m u s t  s a t i s f y  r a d i a l  e q u i l i b r i u m  and t h a t  t h e  geometry 

of t h e  b a d i n g  should be mechanica l ly  acceptab le  p l a c e  boundar ies on t h e  

a n a l y s i s  v a r i a b l e s .  Thus, the  p r i n c i p a l  o b j e c t i v e  of t h e  work i n  t h e  f i r s t  

ca tegory  was t o  q u a l i t a t i v e l y  i n v e s t i g a t e  t h e  e f f e c t s  of  t h e  a n a l y s i s  v a r i -  

a b l e s  and hence t o  p r o v i d e  guidance t o  f u t u r e  users  o f  t h e  program. For  

the  i n v e s t i g a t i o n ,  t h r e e  s e t s  of t u r b i n e  des ign requi rements a r e  used; 

these correspond t o  a s ing le -s tage t u r b i n e  hav ing  a des ign-po in t  p ressure  

r a t i o  o f  approx imate ly  2:1, a m u l t i s t a g e  t u r b i n e  h a v i n g  a two-stage h i g h  

pressure  (hp) and a f i v e - s t a g e  low pressure  ( l p )  spool ,  and a smal l  s i n g l e -  

s tage t u r b i n e  o f  h i g h  pressure  ra t io .  The f i  r s t  t w o  requ i  rements were 

s u p p l i e d  by NASA as s e l e c t e d  a p p l i c a t i o n s  f o r  t h e  program; t h e  t h i r d  de- 

s i g n  requirement i s  t y p i c a l  o f  a fuel-pump a p p l i c a t i o n  w i t h  supersonic  

f l o w  a t  s t a t o r  and a near- impulse r o t o r  and i s ,  i n  f a c t ,  s i m i l a r  t o  t h e  

f i r s t  s tage of t h e  t u r b i n e  of Reference 3 .  The stage t o t a l - t o - s t a t i c  

p ressure  r a t i o  of t h i s  s tage i s  i n  excess of 4: l .  

For  t h e  a n a l y s i s  of a p a r t i c u l a r  des ign requi rement ,  t h e  s i n g l e  

s tage s u p p l i e d  by NASA i s  i n v e s t i g a t e d  a t  f o u r  va lues o f  o u t s i d e  diameter.  

S t a r t i n g  w i t h  a c o n s e r v a t i v e  design f o r  which t h e  o u t s i d e  d iameter  i s  36 
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inches (91.4 c m s ) ,  t h e  o u t s i d e  diameter i s  decreased i n  t h r e e  s teps t o  a 

v a l u e  of  27 inches (68.6 cms). 

t o  m a i n t a i n  a cons tan t  annulus area, and hence, t h e  s e r i e s  o f  t u r b i n e s  

cover a wide range o f  r o t o r  hub s e c t i o n  l o a d i n g  when t h e  stage work i s  

r e l a t e d  t o  t h e  b lade speed a t  the  hub. The r e s u l t s  of  t h e  a n a l y s i s  p ro-  

v i d e  a means o f  assess ing the  t r a d e - o f f  between a r e d u c t i o n  i n  t u r b i n e  

s i z e  and t h e  r e d u c t i o n  i n  e f f i c i e n c y  which accompanies t h e  r e s u l t a n t  i n -  

crease i n  stage load ing .  

The hub d iameter  of  t h e  s tage i s  v a r i e d  

Report  Arranqement 

The r e p o r t  i s  d i v i d e d  i n t o  t h r e e  main sec t ions .  The f i r s t  sec- 

t i o n  presents  t h e  r e s u l t s  o f  t h e  general  i n v e s t i g a t i o n  o f  t h e  e f f e c t s  o f  

s p e c i f i e d  a n a l y s i s  v a r i a b l e  . The p r i n c i p a l  v a r i a b l e s  considered a r e  t h e  

r a d i a l  d i s t r i b u t i o n  o f  w h i r  v e l o c i t i e s  o r  a b s o l u t e  f l o w  angles a t  s t a t o r  

e x i t s ,  t h e  r a d i a l  d i s t r i b u t  on of t h e  power o u t p u t ,  and i n t e r f i l a m e n t  

mix ing.  The second s e c t i o n  presents t h e  r e s u l t s  of t h e  des ign a n a l y s i s  

o f  the f o u r  vers ions  of the  NASA-selected s i n g l e - s t a g e  a p p l i c a t i o n .  T h i s  

s e c t i o n  d e t a i l s  the  p r e d i c t e d  performance o f  t h e  stages, t h e i r  geometr ies,  

and t h e i r  computed v e l o c i t y  diagrams. An appendix g i v i n g  t h e  complete 

computer p r i n t o u t s  o f  t h e  se lec ted  designs forms the  t h i r d  s e c t i o n  o f  

t h e  r e p o r t .  
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f l o w  

t i v e  

l u t e  

S i m i  

THE EFFECT OF CHANGES IN ANALYSIS VARIABLES 

I n t roduc t i on 

Once the  convent iona l  t u r b i n e  des ign  r e s t r i c t i o n s  o f  a f r e e -  

v o r t e x  d i s t r i b u t i o n  of  t a n g e n t i a l  v e l o c i t i e s  and a r a d i a l l y  cons tan t  work 

e x t r a c t i o n  have been removed, a t u r b i n e  des igner  i s  g i ven  cons ide rab ly  

more des ign  freedom. For  example, t h e  computer program perm i t s  a r b i t r a r y  

s p e c i f i c a t i o n  o f  t h e  r a d i a l  v a r i a t i o n s  o f  s t a t o r  e x i t  t a n g e n t i a l  v e l o c i t y  

( o r  abso lu te  f l o w  angle)  and the  work ou tpu t .  

However, i t  does no t  necessa r i l y  f o l l o w  t h a t  aerodynamica l l y  

and mechan ica l l y  acceptab le  designs w i l l  be produced by t h e  program un- 

l e s s  t h e  i n p u t  s p e c i f i c a t i o n s  a r e  s e l e c t e d  w i t h  reasonable care.  Fo r  

example, a s o l u t i o n  o f  t he  f l o w  f i e l d  w i t h  p o s i t i v e  va lues of  t h e  through-  

v e l o c i t y  a t  a l l  r a d i a l  s t a t i o n s  w i l l  o n l y  be p o s s i b l e  for  a r e l a -  

y narrow range of  t a n g e n t i a l  v e l o c i t y  d i s t r i b u t i o n s  when t h e  abso- 

f l o w  ang le  i s  h i g h  as i s  t he  case a t  most s t a t o r  e x i t  des ign  s t a t i o n s .  

a r l y ,  t he  amount o f  r a d i a l  v a r i a t i o n  i n  t h e  work ou tpu t  wh ich  w i l l  

i m i  ted;  l a r g e  v a r i a t i o n s  i n  the  stream1 i n e  

not  be  p o s s i b l e  i n  some designs because i t  

a i n  a p h y s i c a l l y  acceptab le  s o l u t i o n  o f  t h e  

mer id iona l  v e l o c i t y  d i s t r i b u t i o n .  The f i r s t  p a r t  of t h i s  s e c t i o n  i s  de- 

vo ted  t o  these two aspects  o f  t u r b i n e  design. The p r i n c i p a l  i n t e n t  i s  

t o  p r o v i d e  some guidance t o  f u t u r e  users  o f  t h e  program by i l l u s t r a t i n g  

the  e f f e c t  o f  changes i n  t h e  s p e c i f i c a t i o n s  o f  s t a t o r  e x i t  c o n d i t i o n s  and 

the  power o u t p u t  f u n c t i o n  f o r  sample des ign  requirements. 

A l s o  cons idered i n  t h i s  s e c t i o n  a r e  the  e f f e c t s  o f  t h r e e  o t h e r  

a n a l y s i s  v a r i a b l e s :  t h e  s p e c i f i c a t i o n  o f  t he  l oss  c o r r e l a t i o n  used i n  

be p o s s i b l e  i n  a s tage i s  

t o t a l  temperature drop w i l  

w i l l  no t  be p o s s i b l e  t o  ob 
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the  a n a l y s i s ,  t h e  depar tu re  f rom the s t reani - f i lament  f l o w  as s imu la ted  by 

i n t e r f i  lament m i x i n g ,  and t h e  c u r v a t u r e  o f  t h e  annulus w a l l s .  

S t a t o r  E x i t  Flow Parameters 

The computer program prov ides the  o p t i o n  t o  s p e c i f y  e i t h e r  s t a -  

t o r  e x i t  t a n g e n t i a l  v e l o c i t i e s  or abso lu te  f l o w  angles as a f u n c t i o n  o f  

rad ius .  Use of t h e  program t o  date has shown t h a t  t h e  range of  d i s t r i b u -  

t i o n  o f  t a n g e n t i a l  v e l o c i t i e s  for which a s o l u t i o n  o f  t h e  f l o w  f i e l d  i s  

p o s s i b l e  i s  r e l a t i v e l y  smal l .  T h i s  p o i n t  i s  i l l u s t r a t e d  by data ob ta ined 

from i n v e s t i g a t i o n s  of  two vers ions o f  t h e  s i n g l e - s t a g e  t u r b i n e ,  the h i g h l y  

loaded stage w i t h  an o u t s i d e  diameter o f  27 inches (68.6 crns) and a h u b / t i p  

r a t i o  o f  0.608, and t h e  conserva t ive  des ign w i t h  an o u t s i d e  diameter of  

36 inches (91.4 crns) and a h u b / t i p  diameter r a t i o  o f  0.803. (The speci -  

f i e d  des ign requirements o f  these t u r b i n e s  a r e  presented i n  t h e  f o l l o w i n g  

chap t e r . ) 
For  t h e  h i g h l y  loaded stage, t h r e e  a b s o l u t e  s t a t o r  e x i t  ang le  

d i s t r i b u t i o n s  were s p e c i f i e d ,  and these a r e  shown i n  F i g u r e  1 as a func-  

t i o n  o f  rad ius .  The ang le  d i s t r  

degrees across t h e  annulus c l o s e  

f o r  which t h e  tangent  of  the  ang 

ond d i s t r i b u t i o n  reduces t h e  rad  

b u t i o n  which v a r i e s  by approx imate ly  10 

y approximates a " f ree-vor tex"  v a r i a t i o n  

e v a r i e s  i n v e r s e l y  w i t h  rad ius ;  the  set- 

a l  v a r i a t i o n  t o  approx imate ly  5 degrees, 

and the  t h i r d  i s  r a d i a l l y  constant.  The computed t a n g e n t i a l  and mer id iona l  

v e l o c i t y  d i s t r i b u t i o n s  a r e  a l s o  shown i n  t h i s  f i g u r e .  

been normal ized i n  each case by d i v i d i n g  by t h e  a p p r o p r i a t e  va lue  o f  ve- 

l o c i t y  a t  t h e  mean s t reaml ine .  I t  can be seen t h a t  t h e  m e r i d i o n a l  v e l o c i t y  

d i s t r i b u t i o n  for  t h e  f i r s t  s p e c i f i c a t i o n  i s  approx imate ly  cons tan t  w i t h  

rad ius .  The cons tan t  a n g l e  design, however, produces a s i g n i f i c a n t  

The v e l o c i t i e s  have 
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v a r i a t i o n  o f  mer id iona l  v e l o c i t y  w i t h  

per  cen t  g r e a t e r  than t h a t  a t  t h e  t i p .  

d i s t r i b u t i o n s ,  however, i s  no t  large. 

l o c i t y  a t  t he  cas ing  rad ius  t o  tha t  a t  

t he  cons tan t  ang le  and f ree -vo r tex  ang 

mean s t r e a m l i n e  p o s i t i o n  towards the hub 

f rom a f r e e - v o r t e x  ang le  d i s t r i b u t i o n  t o  

t h e  r a d i i  a t  which t h e  normal ized  tangen 

pond t o  t h e  mean s t reaml ine .  

A 1  though a1 1 t h r e e  ang le  d i  s t r  

7 

he hub v e l o c i t y  approx imate ly  50 

The change i n  t a n g e n t i a l  v e l o c i t y  

The r a t i o s  of t h e  t a n g e n t i a l  ve- 

t he  hub a r e  0.631 and 0.668 f o r  

e des ign,  r e s p e c t i v e l y .  These 

numbers can be compared w i t h  a value o f  0.608 wh ich  would be ob ta ined  

from a convent iona l  f ree -vo r tex  design i n  which a r a d i a l l y  cons tan t  a x i a l  

v e l o c i t y  would have been assumed. F i g u r e  1 a l s o  shows the  s h i f t  o f  t h e  

change 

des ign;  

t y  c o r r e s -  

which accompanies t h e  

a cons tan t  f l o w  ang le  

i a l  v e l o c i t i e s  a r e  un 

b u t i o n s  were se lec ted  t o  have 

t h e  same ang le  a t  the  a r i t h m e t i c  mean rad ius ,  t he  th ree  des igns w i l l  have 

d i f f e r i n g  e f f e c t i v e  f l o w  areas a t  s t a t o r  e x i t .  Hence, the  s tage r e a c t i o n  

changes and, accompanying t h e  change, the  s t r e a m l i n e  va lues of the  b lade  

row v e l o c i t y  r a t i o s  a l s o  change. I n  F i g u r e  2 t h e  r a d i a l  v a r i a t i o n s  o f  

t he  s t a t o r  v e l o c i t y  r a t i o , v a /  VI 
b u t i o n s .  A l though t h e  mean l e v e l  o f  v e l o c i t y  r a t i o  has changed, the  

s lopes  of t h e  curves  a r e  approx imate ly  equal. I t  would seem l i k e l y  t h a t  

i f  t h e  a n g l e  d i s t r i b u t i o n s  had been s e l e c t e d  to  y i e l d  cons tan t  va lues o f  

e f f e c t i v e  f l o w  areas f o r  t h e  th ree  d i s t r i b u t i o n s  t h a t  the  r a d i a l  v a r i a -  

t i o n s  o f  b lade element v e l o c i t y  r a t i o s  would have been a lmost  i d e n t i c a l .  

A l s o  shown on F i g u r e  2 a r e  the r a d i a l  v a r i a t i o n s  o f  s t a t o r  b lade row 

e f f i c i e n c y  ( d e f i n e d  as \-e where Q i s  t h e  k ine t i c -ene rgy - loss  c o e f f i -  

c i e n t ) .  I t  w i l l  be seen t h a t ,  f o r  t h e  t o t a l - p r e s s u r e - l o s s  c o r r e l a t i o n  

used, t h e  e f f e c t  o f  t he  ang le  changes has been t o  inc rease t h e  e f f i c i e n c y  

, a r e  shown fo r  the  t h r e e  ang le  d i s t r i -  
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o f  t h e  hub s e c t i o n  and decrease i t  a t  t h e  t i p  by changing f rom a f r e e -  

v o r t e x  t o  a cons tan t  f l ow  ang le  d i s t r i b u t i o n .  

The s tage e f f i c i e n c i e s  p r e d i c t e d  f o r  the  t h r e e  s t a t o r s  i n  s tage 

des igns which used i d e n t i c a l  s p e c i f i c a t i o n s  fo r  t h e  d i s t r i b u t i o n  o f  power 

ou tpu t  f u n c t i o n  showed a decrease i n  t o t a l - t o - t o t a l  e f f i c i e n c y  f rom 89.08 

t o  88.25 pe r  cent  f o r  the change from a f r e e - v o r t e x  t o  a cons tan t  f l o w  

ang le  s t a t o r .  The t o t a l - t o - s t a t i c  e f f i c i e n c y  p r e d i c t i o n s ,  however, y i e l d e d  

an oppos i te  e f f e c t  w i t h  an increase f r o m  68.65 t o  69.68 per  cent .  

i n  the  r e p o r t ,  where t h e  p r e d i c t e d  performances o f  va r ious  stages a r e  d i  s- 

cussed i n  g r e a t e r  d e t a i l ,  i t  i s  shown t h a t  these changes a r e  t h e  r e s u l t  

o f  changes i n  the  s tage r e a c t i o n  r a t h e r  than the  r e s u l t  o f  a r e d i s t r i b u -  

t i o n  o f  t h e  s t a t o r  e x i t  a b s o l u t e  f l o w  angles.  

a r e  se lec ted  to  m a i n t a i n  a constant  va lue  o f  e f f e c t i v e  f l o w  area, t he  

change i n  s tage e f f i c i e n c y  i s  n e g l i g i b l y  small. 

L a t e r  

When ang le  d i s t r i b u t i o n s  

A s i m i l a r  i n v e s t i g a t i o n  was c a r r i e d  o u t  u s i n g  t h e  l a r g e  diame- 

t e r  t u r b i n e  f o r  t h e  same des ign  requirements. The ang le  and v e l o c i t y  d i s -  

t r i b u t i o n s  f o r  t he  h ighe r  hub / t i p  r a t i o  t u r b i n e  a r e  shown i n  F i g u r e  3 .  

The c h a r a c t e r i s t i c s  e x h i b i t e d  are s i m i l a r  t o  those o f  F i g u r e  1 .  The 

changes aga in  occur  i n  the  mer id iona l  v e l o c i t y  d i s t r i b u t i o n  r a t h e r  than 

i n  the  t a n g e n t i a l  v e l o c i t y  d i s t r i b u t i o n .  

From F igu res  1 and 3 i t  can be concluded t h a t  t he  s t a t o r  e x i t  

m e r i d i o n a l  v e l o c i t y  d i s t r i b u t i o n s  a r e  ve ry  s e n s i t i v e  t o  changes i n  tangen- 

t i a l  v e l o c i t y  d i s t r i b u t i o n s  and t h a t  t h e r e  e x i s t s  o n l y  a narrow band of  

t h e  l a t t e r  over  which i t  w i l l  be p o s s i b l e  t o  o b t a i n  a s a t i s f a c t o r y  des ign  

s o l u t i o n .  There fore ,  i t  i s  recommended t h a t  t he  o p t i o n  t o  s p e c i f y  f l o w  

ang les ,  r a t h e r  than t a n g e n t i a l  v e l o c i t i e s ,  a t  t h e  s t a t o r  e x i t  des ign s t a -  

t i o n  should be used. Experience w i t h  t h e  program has shown t h a t  t a n g e n t i a l  
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v e l o c i t y  d i s t r i b u t i o n s  which depart  s i g n i f i c a n t l y  f rom a f r e e - v o r t e x  d i s -  

t r i b u t i o n  w i l l  n o t  y i e l d  a s o l u t i o n .  Large r a d i a l  g r a d i e n t s  o f  m e r i d i o n a l  

ve o c i t y  a r e  r e q u i r e d  t o  s u s t a i n  r a d i a l  e q u i l i b r i u m  w i t h  some t a n g e n t i a l  

ve o c i t y  d i s t r i b u t i o n s  and unless the  mean l e v e l  of th rough- f low v e l o c i t y  

i s  s u f f i c i e n t l y  h igh,  the  mer id iona l  v e l o c i t y  w i l l  approach a z e r o  va lue  

a t  some p o i n t  w i t h i n  t h e  annulus. 

The s e n s i t i v i t y  of  t h e  s o l u t i o n  increases as t h e  mean f l o w  ang le  

increases. Large g r a d i e n t s  o f  s t a t i c  pressure a r e  r e q u i r e d  t o  m a i n t a i n  

r a d i a l  e q u i l i b r i u m  a t  s t a t o r  e x i t s ,  b u t  t h e  s t a t i c  pressures a r e  p r i n c i -  

p a l l y  dependent on the  t a n g e n t i a l  v e l o c i t i e s .  Hence, r e l a t i v e l y  l a r g e  

changes i n  m e r i d i o n a l  v e l o c i t y  may be r e q u i r e d  to  achieve t h e  r e q u i r e d  

s t a t i c  pressure d i s t r i b u t i o n  when the t a n g e n t i a l  v e l o c i t y  d i s t r i b u t i o n  i s  

a r b i t r a r i l y  s p e c i f i e d .  

Stage Power Output F u n c t i o n  

The computer program permi ts  t h e  s p e c i f i c a t i o n  o f  a r a d i a l  d i s -  

t r i b u t i o n  o f  a power o u t p u t  f u n c t i o n  as an a n a l y s i s  v a r i a b l e .  The power 

o u t p u t  f u n c t i o n  i s ,  by d e f i n i t i o n ,  t h e  f r a c t i o n  o f  the t o t a l  s tage power 

o u t p u t  produced by t h e  f l o w  passing between any s e l e c t e d  s t r e a m l i n e  and 

the  hub. Thus, a des igner  i s  a b l e  t o  r e d i s t r i b u t e  the  power o u t p u t  be- 

tween the  f i l a m e n t s  o f  the f low.  However, exper ience w i t h  t h e  program has 

shown t h a t  acceptable des ign s o l u t i o n s  can o n l y  be ob ta ined f o r  a r e l a -  

t i v e l y  narrow band of power ou tpu t  func t ions .  

i s  s p e c i f i e d  versus s t r e a m l i n e  number so t h a t  the  power o u t p u t  of  i n d i -  

v i d u a l  equa l - f low stream f i l a m e n t s  can be c o n t r o l l e d  independent ly  o f  the  

s t r e a m l i n e  l o c a t i o n s .  For the  i n v e s t i g a t i o n  o f  the  e f f e c t s  o f  changing 

the  power ou tpu t  d i s t r i b u t i o n ,  p a r a b o l i c  d i s t r i b u t i o n s  o f  t h e  power o u t p u t  

The power o u t p u t  f u n c t i o n  
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co r  respond i ng 

I n  F 

o f  power outpu 

and a cons tan t  

were used. These d i s t r i b u t i o n s  produce a l i n e a r  v a r i a t i o n  of s t r e a m l i n e  

t o t a l  temperature drop f o r  the s t reaml ines used i n  t h e  a n a l y s i s ;  s i n c e  

s t reaml ines  a r e  l o c a t e d  t o  d e f i n e  equal f l o w s ,  t h e  t o t a l  temperature drop 

i s  not n e c e s s a r i l y  a l i n e a r  f u n c t i o n  o f  rad ius .  The depar tu re  o f  t h e  

power o u t p u t  f u n c t i o n  from a constant  work o u t p u t  des ign  i s  i n d i c a t e d  by 

t h e  index used t o  generate the p a r a b o l i c  power o u t p u t  f u n c t i o n .  A n  index 

o f  1.0 corresponds t o  a r a d i a l l y  constant  t o t a l  temperature,  and t h e  f a c -  

t o r s  0.85, 0.87, and 0.89 produce hub s t r e a m l i n e  temperature drops which 

a r e  91.9, 93.2, and 94.3 pe r  cent  o f  t h e  mean va lue,  r e s p e c t i v e l y ,  w i t h  

drop. 

r i b u t  i ons 

n g l e  stage 

a c t u a l  

ne t o t a l  temperature drop a r e  shown i n  F i g u r e  4 

ou tpu t  d i s t r i b u t i o n ,  t oge the r  w i t h  the  normal ized 

s t r i b u t i o n  a t  t he  s tage e x i t  and t h e  v a r i a t i o n  o f  

b lade  r e l a t i v e  v e l o c i t y  r a t i o , v \ , ” u 2 ’  . I t  w i l l  be 

e drop increases,  t h e  

s p a r t i c u l a r  t u r b i n e  de- 

form d i s t r i b u t i o n  of 

decreased r a p i d l y  t o  z e r o  

ncreases i n  the  t i p  s t r e a m l i n e  t o t a l  temperature 

gures 4 and 5 t h e  r e s u l t s  ob ta ined  f o r  t h r e e  d i s  

a r e  shown. The t u r b i n e  i s  t h e  smal l -d iameter  s 

ang le  s t a t o r  i s  used f o r  a l l  t h r e e  designs. The 

v a r i a t i o n s  of stream1 

f o r  the  s e l e c t e d  powe 

m e r i d i o n a l  v e l o c i t y  d 

of  rotor l o c a l  va lues 

seen t h a t  as 

computed mer 

s i g n  a s o l u t  

power o u t p u t  

t h e  l o c a l  va lue  o f  t o t a l  temperatu 

d i o n a l  v e l o c i t y  decreases. For t h  

on c o u l d  n o t  be obta ined w i t h  a un 

The va lue  o f  mer id ional  v e l o c i t y  

a t  a p o i n t  near the  hub sec t i on .  The des ign s p e c i f i c a t i o n s  near t h e  hub 

i n  t h a t  p a r t i c u l a r  case i m p l i e d  a l o a d i n g  which exceeded a l i m i t i n g  load- 

i n g  value. By p r o g r e s s i v e l y  decreasing t h e  power ou tpu t  requirement of 

the  i n n e r  p a r t  of t h e  annulus f low,  t h e  m e r i d i o n a l  v e l o c i t y  a t  t he  hub i s  

increased. However, s ince  the  t i p  s e c t i o n  l o a d i n g  i s  increased,  t h e  me- 

r i d i o n a l  v e l o c i t y  a t  t h e  t i p  decreases. I t  w i l l  be seen t h a t  t h e  changes 
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i n  power ou tpu t  d i s t r i b u t i o n  have produced r e l a t i v e l y  l i t t l e  change i n  t h e  

l o c a l  v e l o c i t y  r a t i o s  f o r  t h e  r o t o r .  

Whi le  i t  i s  conven ien t  t o  generate power o u t p u t  f u n c t i o n s  i f  a 

p a r a b o l i c  v a r i a t i o n  i s  assumed, i t  does no t  n e c e s s a r i l y  f o l l o w  t h a t  such 

d i s t r i b u t i o n s  would be s e l e c t e d  f o r  f i n a l  designs. From F i g u r e  4 i t  can 

be i n f e r r e d  t h a t  t he  power ou tpu t  should be r e d i s t r i b u t e d  so t h a t  the  re -  

duced power ou tpu t  of t h e  hub sec t i on  shou ld  be compensated by an inc rease 

i n  the  c e n t r a l  s e c t i o n  o f  t h e  design. I t  would appear t h a t  i n c r e a s i n g  t h e  

t i p  s e c t i o n  t o t a l  temperature drop by an amount equal t o  t h e  r e d u c t i o n  a t  

t h e  hub c o u l d  i n  many des igns merely t r a n s f e r  t he  l i m i t i n g  l oad ing  prob- 

lem f rom hub t o  the  t i p .  The s e l e c t i o n  o f  a f i n a l  des ign  w i l l ,  o f  course, 

be made a f t e r  c o n s i d e r a t i o n  o f  both t h e  p r e d i c t e d  performance o f  t he  s tage 

and the  geometry o f  t he  b lad ing .  I n  F i g u r e  5 the  computed i n l e t  and e x i t  

r o t o r  r e l a t i v e  f l o w  angles a r e  shown fo r  the  t h r e e  power ou tpu t  d i s t r i b u -  

t i o n s .  Reducing t h e  power ou tpu t  of t h e  hub s e c t i o n  has reduced the  hub 

s e c t i o n  d e f l e c t i o n  by approx imate ly  5 degrees and increased t h e  t i p  de- 

f l e c t i o n  by 3.7 degrees. W i th  the oss c o r r e l a t i o n  used i n  t h e  a n a l y s i s ,  

t he  changes i n  r e a c t i o n  and d e f l e c t  on produced by the  change i n  power 

o u t p u t  f u n c t i o n  r e s u l t  i n  very l i t t  e change i n  the  mass averaged va lue  

o f  s tage e f f i c i e n c y .  

The t u r b i n e  d iscussed above i s  a r e l a t i v e l y  low h u b / t i p  r a t i o  

stage. However, l i m i t i n g  l oad ing  problems can be expected i n  any h i g h l y  

loaded stage. T h i s  p o i n t  i s  i l l u s t r a t e d  by Sample Case I V  g iven  i n  Ref- 

erence 2. T h i s  sample des ign,  which i nc ludes  the  f u l l  computer program 

o u t p u t  f o r  t h r e e  power ou tpu t  d i s t r i b u t i o n s ,  i s  f o r  a des ign  requirement 

s i m i l a r  t o  the  fuel-pump t u r b i n e  o f  Reference 3. A s  was i l l u s t r a t e d  i n  

t h e  sample ou tpu t ,  a s o l u t i o n  could no t  be ob ta ined  w i t h  a u n i f o r m  
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the  s tage h u b / t i p  r a t i o  was 0.88. 

o c i t y  d i s t r  b u t i o n s  f o r  t h e  two se ts  of ana ly -  

s o l u t i o n s  a r e  shown i n  F i g u r e  6. T h i s  f i g -  

u r e  a l s o  shows t h e  r a d i a l  v a r i a t i o n  o f  t o t a l  temperature drop i m p l i c i t  

i n  the  power o u t p u t  f u n c t i o n  d i s t r i b u t i o n s .  Changing t h e  power f u n c t i o n  

t o  reduce t h e  hub t o t a l  temperature drop by approx imate ly  1 per  cen t  has 

produced a s i g n i f i c a n t  change i n  t h e  p r e d i c t e d  mer id iona l  v e l o c i t y  d i s t r i -  

bu t i on ;  the  h ighe r  va lue  can be concluded t o  be ex t remely  c l o s e  t o  a 

l i m i t i n g  load ing .  The da ta  of  F igures 4 and 6 b o t h  show t h a t  o n l y  l i m -  

i t e d  v a r i a t i o n s  of work ou tpu t  w i t h  rad ius  w i l l  produce mechan ica l l y  ac- 

c e p t a b l e  b lade  geometries. Hence, i t  i s  impor tan t  t h a t  f u t u r e  users  of  

the  program a p p r e c i a t e  the  f a c t  t h a t  i t  i s  p o s s i b l e  t o  exceed a l i m i t i n g  

l o a d i n g  c o n d i t i o n  a t  any p o i n t  i n  t h e  annulus. A t  t h e  l i m i t i n g  l o a d i n g  

c o n d i t i o n  i t  becomes imposs ib le  t o  o b t a i n  a va lue  o f  s t a t i c  p ressure  which 

w i l l  s a t i s f y  r a d i a l  e q u i l i b r i u m .  T o  a s s i s t  i n  t h e  s e l e c t i o n  of a s u i t a b l e  

power o u t p u t  d i s t r i b u t i o n ,  the  computer program p rov ides  ou tpu t  a t  t h e  

lowest va lue  o f  mass f l o w  f o r  which a s o l u t i o n  c o u l d  be ob ta ined,  thus 

p r o v i d i n g  a bas i s  f rom which t o  modify the  s p e c i f i c a t i o n  o f  t he  a n a l y s i s  

v a r i a b l e s  i n c l u d i n g  t h e  power ou tpu t  f u n c t i o n .  

The Tota l -Pressure-Loss C o e f f i c i e n t  C o r r e l a t i o n  

The program prov ides  var ious o p t i o n a l  s p e c i f i c a t i o n s  o f  t h e  

performance o f  t he  elements o f  the b lad ing .  The c o r r e l a t i o n  developed i n  

Reference 1 has been made an i n t e g r a l  p a r t  o f  t h e  program. However, t h e  

c o e f f i c i e n t s  o f  t h e  c o r r e l a t i o n  have been made p a r t  o f  t h e  i n p u t  s p e c i f i -  

c a t i o n .  Hence, these c o e f f i c i e n t s  toge the r  w i t h  t h e  a d d i t i o n a l  l oss  f a c -  

t o r  can be regarded as a n a l y s i s  var iab les .  I t  i s  b e l i e v e d  t h a t  t h e  



I 
I .  
1 
I 
I 
I 
I 
I 
I 
1 
i 
I 
I 
I 
I 
I 
I 
I 
I 

13 

c o e f f i c i e n t s  recommended i n  Reference 1 produce r e a l i s t i c  t o t a l - p r e s s u r e -  

l o s s  c o e f f i c i e n t s  f o r  t he  type of t u r b i n e  on which t h e  c o r r e l a t i o n  was 

based. Never the less,  i t  i s  almost i n e v i t a b l e  t h a t  t h e  c o r r e l a t i o n  w i l l  

be r e v i s e d  a t  a l a t e r  da te  and tha t  t he  a d d i t i o n a l  l oss  f a c t o r  w i l l  trave 

t o  be used i n  some case t o  produce r e a l i s t i c  analyses f o r  p a r t i c u l a r  t u r -  

b ines.  

To i l l u s t r a t e  t h i s  p o i n t ,  a l a r g e  a d d i t i o n a l  l oss  f a c t o r  was 

used i n  the  a n a l y s i s  of  the  fuel-pump t u r b i n e  (Sample Case I V  o f  Ref 2 ) .  

The t u r b i n e  i s  a h i g h  pressure  r a t i o  s i n g l e  s tage i n  which the  s t a t o r  e x i t  

Mach number i s  supersonic  and the r o t o r  i s  o f  near- impulse design. W i th  

t h e  s t a t o r  e x i t  f l o w  ang le  s p e c i f i e d ,  analyses o f  t h e  s t a t o r  e x i t  f l o w  

f i e l d  were c a r r i e d  ou t  us ing  the  i n t e r n a l  c o r r e l a t i o n  o f  l oss  w i t h  and 

w i t h o u t  an a d d i t i o n a l  l oss  f a c t o r .  (The program o u t p u t  f o r  t h e  l a t t e r  

case i s  g iven  i n  Ref 2 ) .  The to ta l -p ressu re - loss  c o e f f i c i e n t s  f o r  the  

t w o  analyses were v i r t u a l l y  independent o f  r a d i u s  and can be cons idered 

cons tan t  a t  0.125 and 0.368. The computed a b s o l u t e  and r e l a t i v e  Mach 

numbers a t  t he  s t a t o r  e x i t  p lane a r e  shown i n  F i g u r e  7, t oge the r  w i t h  

t h e  r o t o r  i n l e t  r e l a t i v e  f l o w  angles. For  t h i s  p a r t i c u l a r  des ign  t h e  

change i n  t h e  computed r o t o r  i n l e t  f l o w  ang le  i s  n o t  l a r g e ,  p r i n c i p a l l y  

because o f  t he  t ype  o f  v e l o c i t y  t r i a n g l e .  However, t he  most n o t a b l e  

change i n  the  des ign  a n a l y s i s  i s  i n  t h e  s tage r e a c t i o n ;  f o r  t h e  same 

power o u t p u t  t h e  a n a l y s i s  w i t h  the low s t a t o r  l o s s  c o e f f i c i e n t  produces 

h i g h  s t a t o r  e x i t  Mach numbers and low r o t o r  r e l a t i v e  e x i t  Mach numbers. 

S ince  the  t e s t  da ta  of Reference 3 show s t a t i c  pressures c o n s i s t e n t  w i t h  

t h e  h i g h e r  l oss  c o e f f i c i e n t ,  i t  must be concluded t h a t  an a d d i t i o n a l  l oss  

f a c t o r  shou ld  be used f o r  the  a n a l y s i s  o f  i n t e r b l a d e  r o w  c o n d i t i o n s .  How- 

ever ,  t h i s  does no t  n e c e s s a r i l y  mean t h a t  t h e  t o t a l - p r e s s u r e - l o s s  c o e f f i c i e n t  
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c o r r e l a t i o n  used f o r  t h e  s t a t o r  row i s ,  i n  genera l ,  comple te ly  i n v a l i d  f o r  

supersonic  s t a t o r  designs. I t  i s  q u i t e  p o s s i b l e  t h a t  t h e  a d d i t i o n a l  l oss  

occurs as a r e s u l t  of t h e  shock system ahead o f  t h e  r o t o r .  When the  pro-  

gram i s  used f o r  t u r b i n e  des igns i n  which t h e  p r e d i c t e d  r o t o r  r e l a t i v e  

Mach number i s  supersonic  over the e n t i r e  span o f  t h e  r o t o r ,  i t  i s  rec-  

ommended t h a t  t h e  assumptions concern ing t h e  losses  should be reviewed. 

The i n t e r n a l  c o r r e l a t i o n  o f  t o t a l - p r e s s u r e - l o s s  c o e f f i c i e n t  and t h e  rec-  

ommended c o e f f i c i e n t s  o f  t h a t  c o r r e l a t i o n  a r e  u n l i k e l y  t o  be v a l i d  when 

the  mean l e v e l  of r o t o r  i n l e t  r e l a t i v e  Mach number i s  supersonic. 

The dependence of  t he  to ta l -p ressu re - loss  c o e f f i c i e n t  on t h e  

row r e a c t i o n  and t h e  d e f l e c t i o n  incorpora ted  i n  t h e  l oss  c o r r e l a t i o n  i s  

such t h a t  t h e  l i m i t i n g  load ing  c o n d i t i o n  i s  l i k e l y  t o  occur  f i r s t  a t  a 

r o t o r  hub sec t ion .  A s  i l l u s t r a t e d  by F i g u r e  6, a smal l  change i n  t h e  

l o a d i n g  o f  hub s e c t i o n  can produce s i g n i f i c a n t  changes i n  t h e  mer id iona l  

v e l o c i t y  g r a d i e n t  when t h e  sec t i on  i s  c l o s e  t o  i t s  l i m i t i n g  loading.  The 

a c t u a l  va lue  o f  l i m i t i n g  l o a d i n g  w i l l  depend on the  l oss  c o r r e l a t i o n  be ing  

used i n  t h e  a n a l y s i s ;  the  h ighe r  the t o t a l  p ressure  l oss  i n  any g i ven  sec- 

t i o n  of t h e  b lad ing ,  t h e  more d i f f i c u l t  i t  becomes t o  ach ieve  a va lue  o f  

s t a t i c  p ressure  which w i l l  s a t i s f y  r a d i a l  e q u i l i b r i u m .  

l n t e r f i  lament M i x i n 2  

The computer program i s  based on a s t ream- f i lament  a n a l y s i s  o f  

t h e  f l o w  th rough a tu rb ine .  Hence, i f  an a n a l y s i s  of a m u l t i s t a g e  u n i t  i s  

per formed w i t h  a r a d i a l l y  un i fo rm d i s t r i b u t i o n  of  power ou tpu t  f o r  each 

s tage,  a t o t a l - p r e s s u r e  p r o f i l e  w i l l  develop as a r e s u l t  o f  lower e f f i -  

c i ency  of the  hub sec t i ons  compared w i t h  t h e  mean o r  t i p  values. Un- 

doubted ly ,  t he  f l o w  w i t h i n  a t u r b i n e  i s  cons ide rab ly  more complex than 
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t h a t  assumed f o r  t he  a n a l y s i s  procedure. I n  o r d e r  t o  p rov ide  a means o f  

s i m u l a t i n g  the  r e d i s t r i b u t i a n  o f  the  f l o w  w i t h i n  b lade rows, t h e  a n a l y s i s  

procedure i nco rpo ra tes  a s imp le  i n t e r f i l a m e n t  m i x i n g  model (Ref 1 ) .  I n  

t h e  reg ions  of h i g h  loss,  low-monentunl f l o w s  w i l l  occur  and low-momentum 

w i l l  m i g r a t e  under the  i n f l u e n c e  o f  the mainstream s t a t i c  p ressure  

and/or t h e  c e n t r i f u g a l  f o r c e  f i e l d  of  the  r o t o r .  Thus, i t  i s  t o  be 

ed t h a t  t o t a l - p r e s s u r e  p r o f i l e s  p r e d i c t e d  on a s t ream- f i lament  

w i l l  be l ess  un i fo rm than those ob ta ined  f rom t e s t  data. The sim- 

X ing  model used i n  t h e  a n a l y s i s  can b e  used t o  reduce or e l i m i n a t e  

t o t a l - p r e s s u r e  and to ta l - t empera tu re  p r o f i l e s .  I t  should be p o i n t e d  ou t  

t h a t  a t  t he  present  t ime the  s e l e c t i o n  o f  the  m i x i n g  f a c t o r s  w i l l  have t o  

be based on the  judgment o f  t h e  program user .  However, t he  e f f e c t s  o f  

m i x i n g  can be assessed a n a l y t i c a l l y  u s i n g  the  program. 

One o f  the  des ign  examples supp l i ed  by NASA was a twin-spool  

t u r b i n e  w i t h  two hp spool stages and f i v e  l p  spool stages. Sample Case 

I 1  of Reference 2 i s  based on the des ign requi rements o f  t he  hp spool and 

the  f i r s t  t h r e e  stages of the I p  spool. T h i s  t u r b i n e  was analyzed u s i n g  

the  m i x i n g  parameter t o  produce r e s u l t s  which a re  c o n s i s t e n t  w i t h  t h e  

a s s i w p t i o n  t h a t  the va lue o f  staqe i n l e t  t o t a l  p ressure  used i n  t h e  c a l -  

r a d i a l l y  constant .  Hence, the  

wou 1 d 

den- 

on o f  

e x i t  

o f  t h e  second r o t o r  o f  t h e  l p  spool. The r e s u l t s  o f  the two analyses f o r  

t h e  s t a t o r  row which preceded the des ign  s t a t i o n  where the  l i m i t i n g  load-  

i n g  c o n d i t i o n  was encountered a r e  shown i n  F igu res  8 and 9. F i g u r e  8 

-pressure p r o f i l e  was not a l lowed t o  develop i n  t h e  manner i t  

done i n  a p u r e l y  s t ream-f i lament  ana y s i s .  An a n a l y s i s  w i t h  

l y  t he  same s p e c i f i c a t i o n s  as  Sample Case I I ,  w i t h  the  except 

t h e  m i x i n g  i n  the  s t a t o r  rows, f a i  l e d  t o  produce a s o l u t i o n  a t  t h e  

:5  
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i n l e t  and s t a t o r  e x i t  and t h e  

a t i v e  i n l e t  f low angle;  F gure 9 shows t h e  correspond- 

i n g  a b s o l u t e  and r e l a t i v e  t o t a l  pressures. Wi th  i n t e r f i l a m e n t  m i x i n g  

assumed i n  the s t a t o r  rows, t h e  computed r o t o r  r e l a t i v e  i n l e t  f l o w  ang le  

and r e l a t i v e  t o t a l - p r e s s u r e  d i s t r i b u t i o n s  a r e  such t h a t  i t  i s  p o s s i b l e  t o  

o b t a i n  a s o l u t i o n  for the  nex t  design s t a t i o n .  W i t h  t h e  p u r e l y  stream- 

f i l a m e n t  a n a l y s i s ,  the  m e r i d i o n a l  v e l o c i t y  near t h e  hub o f  t h e  s t a t o r  e x i t  

p lane f a l l s  s i g n i f i c a n t l y  producing an increase o f  approx imate ly  8 degrees 

i n  t h e  a b s o l u t e  f l o w  angle. T h i s  change i s  due t o  the  p r e d i c t e d  change i n  

the s t a t o r  e x i t  a b s o l u t e  pressures. As a r e s u l t ,  t h e  r o t o r  r e l a t i v e  i n l e t  

f l o w  ang le  i s  increased by approx imate ly  12 degrees and t h e  r o t o r  r e l a -  

t i v e  t o t a l  p ressure  i s  decreased by 1 . 2  p s i  (8270 N/m ) a t  t h e  hub. These 

changes a r e  s u f f i c i e n t  t o  make i t  imposs ib le  fo r  t h e  rotor t o  e x t r a c t  t h e  

i m p l i c i t l y  s p e c i f i e d  amount o f  work a t  t h e  hub s e c t i o n  and s imu l taneous ly  

s a t i s f y  the  requirement f o r  r a d i a l  e q u i l i b r i u m .  

2 

Both analyses used r a d i a l l y  u n i f o r m  power output s p e c i f i c a t i o n s .  

Hence, w i t h o u t  i n t e r f i l a m e n t  mix ing  w i t h i n  t h e  s t a t o r  rows i t  would have 

been necessary t o  reduce the  power o u t p u t  a long t h e  hub stream f i l a m e n t  

by a n  amount which would have r a i s e d  the  i n l e t  t o t a l  p ressure  a t  t h e  

i n l e t  t o  t h e  second stage o f  t h e  l p  spool by approx imate ly  1.2 p s i  (8270 

N/m ) i n  o r d e r  t o  o b t a i n  a s o l u t i o n  a t  the  e x i t  o f  t h a t  stage. 
2 

Annulus Geometry 

The annulus geometry i s  an impor tan t  des ign v a r i a b l e .  Obvi-  

o u s l y ,  t h e  mean diameter o f  a stage and t h e  annulus areas have always 

been used as v a r i a b l e s  i n  the  design o f  t u r b i n e s  and t h e  program w i l l ,  o f  

course, p r o v i d e  a means o f  comparing a l t e r n a t i v e  designs. However, t h e  
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e f f e c t s  o f  t he  mer id iona l  s lope and c u r v a t u r e  o f  the  f l o w  a r e  i nc luded  i n  

t h e  f l o w  f i e l d  s o l u t i o n  which has been programed.  Hence, s lope and curva-  

t u r e  of  the  annulus w a l l s  can be considered as a n a l y s i s  va r iab les .  The 

e f f e c t s  of these v a r i a b l e s  a re  q u a l i t a t i v e l y  p r e d i c t a b l e  f rom the  r a d i a l  

e q u i l i b r i u m  equa t ion  used i n  t h e  ana lys i s .  The p r e c i s e  e f f e c t  o f  a change 

i n  t h e  s lope  o r  c u r v a t u r e  o f  t h e  annulus w a l l ,  however, cannot r e a d i l y  

be ob ta ined  un less  the  computer program i s  used. A t  s t a t o r  e x i t  des gn 

s t a t i o n s ,  where the  t a n g e n t i a l  v e l o c i t y  r a t h e r  than mer id iona l  ve loc  t y  

dominates t h e  r a d i a l  e q u i l i b r i u m  s o l u t i o n ,  i t  i s  q u i t e  p o s s i b l e  t h a t  e f -  

f e c t s  o f  changes i n  annulus s lope and c u r v a t u r e  w i l l  be small .  A t  s tage 

e x i t  des ign  s t a t i o n s ,  t h e  e f f e c t s  c o u l d  be cons ide rab ly  more pronounced; 

a t  s tage e x i t s  the  mer id iona l  v e l o c i t y  r a t h e r  than t a n g e n t i a l  v e l o c i t y  

w i l l  dominate t h e  r a d i a l  e q u i l i b r i u m  equat ion .  I t  i s  p o s s i b l e ,  t h e r e f o r e ,  

t h a t  c u r v a t u r e  o f  t h e  annulus could be used t o  o f f s e t  t h e  d e t e r i o r a t i o n  

o f  mer id iona l  v e l o c i t y  d i s t r i b u t i o n  t h a t  can occur i n  t h e  presence o f  a 

t o t a l - p r e s s u r e  p r o f  i l e .  

I n  t h e  s ing le -s tage  analyses presented  l a t e r ,  a cons tan t  annulus 

area  des ign  i s  cons idered.  Hence, s i n c e  t h e  a n a l y s i s  assumes t h a t  t h e  

mer id iona l  components o f  s lope and c u r v a t u r e  w i t h i n  the  f l o w  f i e l d  a r e  

dependent on the  annulus geometry, t h e  e f f e c t s  o f  changes i n  annulus 

s lopes and cu rva tu res  a r e  no t  considered. However, i n  the  m u l t i s t a g e  

a n a l y s i s  o f  Sample Case I1 (Ref 2) t h e  dimensions o f  t h e  annulus were 

s e l e c t e d  t o  produce a change o f  annulus f l a r e  a t  t h e  i n l e t  t o  t h e  l p  

spool .  The a n a l y s i s  o f  t he  m u l t i s t a g e  u n i t  was repeated w i t h  t h e  s lope  

and cu rva tu res  of the  annulus w a l l s  s e t  equal t o  zero. The e f f e c t  of 

t he  change on the  m e r i d i o n a l  v e l o c i t y  d i s t r i b u t i o n  a t  t he  i n l e t  t o  t h e  

l p  spool i s  shown i n  F i g u r e  10. For  t h i s  des ign  bo th  hub and cas ing  
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r a d i i  i x r e a s e  through the  l p  spool and t h e  s lopes and c u r v a t u r e s  a r e  p o s i -  

t i v e  across t h e  e n t i r e  annulus. As was t o  be expected, t h e  m e r i d i o n a l  ve- 

l o c i t y  i s  increased a t  t h e  cas ing  and reduced a t  t h e  hub. 
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PERFORMANCE PREDICTIONS FOR 
A SINGLE STAGE AT FOUR T I P  D IAMETERS 

I n t roduc t i on 

The des ign requi rements of t h e  s i n g l e  stage, used as an example 

of t h e  a p p l i c a t i o n  of  t h e  computer program, were s p e c i f i e d  by NASA and 

a r e  as f o l l o w s :  

I n l e t  T o t a l  Temperature 518.7 deg R (288.2 deg K) 

2 
I n l e t  T o t a l  Pressure 14.696 p s i a  (10.133 N/cm ) 

I n l e t  F l o w  Angle 0 deg (--) 

Mass F low 45.51 lbm per  sec (20.643 kg/sec) 

Power Output 1287.5 hp (960.089 kw) 

R o t a t i o n a l  Speed 4660 rpm (--) 

S p e c i f i c  Heat a t  Constant 0.24 B t u  per  lbm deg R 
Pressure ( 1  004 J/kq deg K) 

S p e c i f i c  Gas Constant 53.35 f t  l b f  per  lbm deg R 
(287.0 J /kg deg K) 

For the  l a r g e s t  d iameter  t u r b i n e  the cas ing  and hub r a d i i  were s p e c i f i e d  

t o  be cons tan t  a t  18 and 14.465 inches (45.72 and 36.741 cms), respec- 

t i v e l y .  I n  a d d i t i o n ,  t he  conserva t i ve  des ign  was s p e c i f i e d  t o  have a 

50 per  cen t  mean rad ius  r e a c t i o n  corresponding t o  a t a n g e n t i a l  v e l o c i t y  

o f  758.7 f t  per  sec (231 .5  m/sec) a t  the  s t a t o r  e x i t .  

The geometry and performance o f  f o u r  stages d i f f e r i n g  i n  t i p  

d iameter ,  bu t  hav ing  the  same annulus areas were t o  be p red ic ted .  For 

the sma l les t  d iameter  t u r b i n e  i n  the s e r i e s  a va lue  o f  t i p  r a d i u s  of  13.5 

inches (34.29 cms) was se lec ted ,  t h i s  va lue  be ing  75 per cent  o f  t h e  con- 

s e r v a t i v e  des ign  value. The dimension o f  t h e  t u r b i n e s ,  h e r e a f t e r  r e f e r r e d  

t o  as Turb ines  A ,  6 ,  C ,  and D a r e  t a b u l a t e d  below. 
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Turb ine  A B C D 

Casing Radius ( i n s )  18.0 16.5 15.0 13.5 
(ems) 45.72 41.91 38.10 34.39 

Hub Radius ( i n s )  14.465 12.549 10.499 8.215 
(cm4 36.741 31.874 26.667 20.866 

The stage h u b - t o - t i p  rad ius  r a t i o s  vary  f rom 0.803 t o  0.608 and the  hub 

speed o f  Tu rb ine  D i s  approx imate ly  57 per cent  o f  t h a t  f o r  Turb ine  A. 

The v a l i d i t y  o f  t h e  comparison o f  t he  p r e d i c t e d  performances i s ,  

of course, dependent on the  loss c o r r e l a t i o n  assumed. For t h e  a n a l y s i s ,  

the  performance o f  t he  i n d i v i d u a l  elements o f  t h e  b l a d i n g  i s  i n t e r n a l l y  

computed from a c o r r e l a t i o n  o f  t o ta l -p ressu re - loss  c o e f f i c i e n t s .  No i n -  

t e r f i l a m e n t  m i x i n g  was s p e c i f i e d .  

The Tota l -Pressure-Loss Assumptions 

The program i n p u t  inc ludes t h e  n i n e  c o e f f i c i e n t s  of t h e  loss 

c o r r e l a t i o n  developed i n  Reference 1. For t h i s  p a r t i c u l a r  a n a l y s i s  t h e  

t o t a l - p r e s s u r e - l o s s  c o e f f i c i e n t  of an element of t h e  b l a d i n g  i s  de f i ned  

as f o l l o w s :  

Y =  

Y =  
where s u f f i c e s  h\ and-  denote i n l e t  and e x i t  c o n d i t i o n s  r e l a t i v e  to  a 

s t a t o r  or a r o t o r  sec t ion .  I n  a d d i t i o n ,  t h e  t o t a l - p r e s s u r e - l o s s  c o e f f i -  

c i e n t  was l i m i t e d  to  a va lue  o f  1.0. Throughout t h e  a n a l y s i s  no a d d i t i o n a l  

loss f a c t o r s  were s p e c i f i e d .  

c 1 ea rance 1 osses . 
Hence, no a t tempt  i s  made t o  account f o r  t i p  
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Des i gn Opt i m i  za t i ons 

A t  t he  r e l a t i v e l y  h i g h  hub / t i p  r a t i o  of Tu rb ine  A, no g rea t  

v a r i a t i o n  o f  s tage e f f i c i e n c y  w i t h  the  r a d i a l  v a r i a t i o n  o f  t h e  a n a l y s i s  

v a r i a b l e s  i s  t o  be expected. Since t h e  annulus dimensions were prese- 

l e c t e d  toge the r  w i t h  a mean-l ine stage r e a c t i o n ,  t h e  o n l y  remain ing ana ly -  

s i s  v a r i a b l e s  a r e  the  r a d i a l  d i s t r i b u t i o n  o f  s t a t o r  e x i t  ang le  ( o r  tan-  

g e n t i a l  v e l o c i t y )  .and t h e  power output  f u n c t i o n .  As p r e v i o u s l y  i n d i c a t e d ,  

' t h e  v a r i a t i o n s  o f  t a n g e n t i a l  v e l o c i t y  and power ou tpu t  a r e  somewhat l i m -  

i t e d .  The t w o  se ts  o f  a n a l y s i s  va r iab les  o f  Sample Case I of Reference 2 

showed a l ess  than 0.1 per  cent  d i f f e r e n c e  i n  e f f i c i e n c y  between a des ign  

w i t h  a f r e e - v o r t e x  d i s t r i b u t i o n  o f  s t a t o r  e x i t  f l o w  angles and a u n i f o r m  

d i s t r i b u t i o n  o f  power ou tpu t  and a des ign  w i t h  r a d i a l l y  cons tan t  s t a t o r  

he major  i n -  

t e r n a t i v e  

geometry of 

g l e  and a d i s t r i b u t e d  power ou tpu t .  

o f  t h e  e f f e c t  on o v e r - a l l  s tage performance o f  a 

y s i s  v a r i a b l e s  was c a r r i e d  o u t  u s i n g  t h e  annulus 

Therefore,  e x i t  f low a 

v e s t i g a t i o n  

s e t s  o f  ana 

Tu rb ine  D. 

V a r i a t i o n s  i n  the  power ou tpu t  f u n c t i o n  were s y s t e m a t i c a l l y  gen- 

e r a t e d  u s i n g  p a r a b o l i c  d i s t r i b u t i o n s  of t h e  power ou tpu t  f u n c t i o n  w i t h  r e -  

spec t  to  the  nondimensional mass f l ow  func t i on .  

f u n c t i o n  has the  p r o p e r t y  t h a t  a l i n e a r  v a r i a t i o n  o f  s t reaml ine  t o t a l  

temperature drop i s  obta ined.  I n  a d d i t i o n ,  values o f  t he  power ou tpu t  

f u n c t i o n  a r e  r e a d i l y  computed for se lec ted  r a t i o s  o f  hub and cas ing  t o t a l  

temperature drops. The express ion used f o r  t h e  nondimensional power func-  

t i o n  -f i s  as f o l l o w s :  

The use of the  p a r a b o l i c  



22 

.)-' and J= I a t  the hub and = R  a t  the  casing. The where c.(.)= n-l 
power c o e f f i c i e n t , $  , i s  equal t o  the  r a t i o  o f  t o t a l  temperature drop a t  

t he  hub t o  t h a t  a t  t h e  cas ing ;  t he  r a t i o  o f  hub-to-mean s t r e a m l i n e  t o t a l  

J 

temperature drop i s  . The c o e f f i c i e n t  f i s  used l a t e r  t o  iden- 

t i f y  the power o u t p u t  s p e c i f i c a t i o n .  

The o t h e r  v a r i a b l e s  considered i n  the  o p t i m i z a t i o n  o f  T u r b i n e  D 

were the mean r a d i u s  va lue  of t h e  s t a t o r  e x i t  f l o w  ang le  and t h e  r a d i a l  

v a r i a t i o n  o f  t h i s  angle. These two a n a l y s i s  v a r i a b l e s  a l s o  c o n t r o l  t h e  

mean s t r e a m l i n e  va lue  o f  stage react ion.  

V a r i a t i o n  o f  E f f i c i e n c y  
W i t h  Power Output D i s t r i b u t i o n  

Three a l t e r n a t i v e  d i s t r i b u t i o n s  o f  power o u t p u t  were i n v e s t i -  

ga ted  f o r  a s tage w i t h  a r a d i a l l y  constant s t a t o r  e x i t  abso lu te  f l o w  ang le  

of 67 degrees. These same d i s t r i b u t i o n s  had c o e f f i c i e n t s  of  0.85, 0.87, 

and 0.89 i n  a p a r a b o l i c  power ou tpu t  f u n c t i o n .  T h i s  s e r i e s  o f  analyses 

has been discussed e a r l i e r  i n  connect ion  w i t h  t h e  p o s s i b l e  range o f  t h e  

power ou tpu t  f u n c t i o n  and t h e  p r i n c i p a l  f e a t u r e s  o f  t h e  stage aerodynamics 

have been i l l u s t r a t e d  i n  F igu res  4 and 5. 

v a l u e  o f  t o t a l  temperature drop a t  t h e  hub ( f  = 0.85) had the  h i g h e s t  

t o t a l - t o - t o t a l  e f f i c i e n c y ,  b u t  t h e  h ighes t  t o t a l - t o - s t a t i c  e f f i c i e n c y  

was ob ta ined  w i t h  t h e  i n te rmed ia te  va lue  of . The a c t u a l  e f f i c i e n c i e s  

p r e d i c t e d  a r e  presented  i n  t h e  f o l l o w i n g  tab le .  

The des ign  w i t h  t h e  lowest 

f 

Design Number 1 2 3 

Power Coef f  i c i  e n t  0.85 0.87 0.89 

Tota  1 - to -Tota  1 E f  f i c i ency 
(per cent)  88.34 88.25 88.16 

T o t a l - t o - S t a t i c  E f f i c i e n c y  
(per  cent)  69.60 69.68 69.63 
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The a c t u a l  v a r i a t i o n s  of e f f i c i e n c y  a r e  r e l a t i v e l y  smal I .  Whi l e  

some f u r t h e r  improvements migh t  be expected f rom t h e  s p e c i f i c a t i o n  o f  

power o u t p u t  d i s t r i b u t i o n s  o t h e r  than t h e  p a r a b o l i c  t ype  used, i t  i s  un- 

l i k e l y  t h a t  t h e  h ighes t  p r e d i c t e d  e f f i c i e n c y  w i l l  be s i g n i f i c a n t l y  g r e a t e r  

than any o f  those above. 

Va r i a t  i on o f  E f  f i c i ency 
W i t h  S t a t o r  Angle D i s t r i b u t i o n  

W i t h  a cons tan t  power output d i s t r i b u t i o n  ( u s i n g  $ = 0.87), a l -  

t e r n a t i v e  s tage designs were analyzed f o r  t h r e e  r a d i a l  v a r i a t i o n s  o f  t h e  

abso lu te  f l o w  ang le  a t  s t a t o r  e x i t .  Resu l t s  f rom t h i s  i n v e s t i g a t i o n  have 

been presented e a r l i e r  i n  t h e  d i scuss ion  o f  t h e  a n a l y s i s  v a r i a b l e s  as 

F i g u r e s  1 and 2. I t  was p o i n t e d  out t h a t  t h e  major e f f e c t  on the  v e l o c i t y  

diagrams o f  t he  changes i n  the  angle d i s t r i b u t i o n  was t o  change t h e  me- 

r i d i o n a l  v e l o c i t y  d i s t r i b u t i o n ;  the t a n g e n t i a l  ve o c i t i e s  were n o t  s i g -  

n i f i c a n t l y  a l t e r e d  by t h e  ang le  change. The p red  c t e d  e f f i c i e n c i e s  of the  

t h r e e  stages a r e  t a b u l a t e d  below. 

Design Number 

Hub-to-Ti p S t a t o r  Ang le  
V a r i a t i o n  (deg) 

T o t a l - t o - T o t a l  E f f i c i e n c y  
( p e r  cent)  

T o t a l - t o - S t a t i c  E f f i c i e n c y  
( p e r  cent)  

Mean Stream1 i n e  Stage 
React i on 

4 

72.1 - 62.1 

89.08 

68.65 

0.669 

5 

69.6 - 64.6 
88.74 

69.14 

0.615 

2 

67 

88.25 

69.68 

0.536 

From these r e s u l t s  i t  would a t  f i r s t  appear t h a t  t h e r e  i s  a s i g n i f i c a n t  

improvement i n  t o t a l - t o - s t a t i c  e f f i c i e n c y  by s p e c i f y i n g  a cons tan t  ang le  

s t a t o r  des ign  r a t h e r  than a "f ree-vortex".  Conversely,  t h e  f r e e - v o r t e x  



24 

des ign  y i e l d s  a h ighe r  t o t a l - t o - t o t a l  e f f i c i e n c y .  However, t he  change i n  

e f f i c i e n c y  l e v e l s  i s  due t o  a change i n  t h e  

than due t o  the  v a r i a t i o n  i n  s t a t o r  ang le  d 

f e c t i v e  f l o w  area a t  s t a t o r  e x i t  i s  changed 

e x i t  flow angles;  the cons tan t  angle des ign  

area than t h e  f r e e - v o r t e x  des ign  and, hence 

mean s tage r e a c t i o n  r a t h e r  

s t r i b u t i o n  as  such. The e f -  

by t h e  v a r i a t i o n  i n  s t a t o r  

has a sma l le r  e f f e c t i v e  f l o w  

i t s  mean stage r e a c t i o n  i s  

lower. 

t h e  r a d i a l l y  cons tan t  ang le  has t o  be decreased t o  inc rease t h e  e f f e c t i v e  

s t a t o r  e x i t  f l o w  area and hence stage reac t i on .  By decreas ing  t h e  l e v e l  

o f  cons tan t  ang le  t o  66.8 degrees, a stage w i t h  a mean s t r e a m l i n e  s tage 

r e a c t i o n  o f  0.621 i s  produced. 

To p r o v i d e  a v a l i d  comparison o f  t h e  e f f e c t  of ang le  d i s t r i b u t i o n ,  

The p r e d i c t e d  e f f i c i e n c i e s  of  t h i s  new 

t o t a l - t o - s t a t i c ,  re -  s tage a r e  88.82 and 69.76 f o r  t o t a l - t o - t o t a l  and 

s p e c t i  ve l y .  

The r a d i a l  v a r i a t i o n s  of  t h e  row ve loc  

t o t a l - t o - t o t a l  i s e n t r o p i c  e f f i c i e n c y  o f  Design 5 

s e c t i o n  design o f  n e a r l y  comparable mean st reaml  

(Design 7) a r e  compared i n  F i g u r e  11.  I t  w i  1 

v a r i a t i o n s  o f  l o c a l  b lade v e l o c i t y  r a t i o s  a r e  

s t a n t  s e c t i o n  s t a t o r  des ign  now has a h ighe r  

i t  i s  ex t remely  l i k e l y  t h a t  t h e  d i f f e r e n c e  i n  

t y  r a t i o  and the  l o c a l  

above and t h e  cons tan t  

ne s tage r e a c t i o n  

be seen t h a t  t h e  r a d i a l  

s imi l a r .  A l though t h e  con- 

o t a l - t o - t o t a l  e f f i c i e n c y ,  

e f f i c i e n c y  l e v e l  would have 

been even l e s s  s i g n i f i c a n t  i f  t h e  cons tan t  ang le  had been s e l e c t e d  t o  

y i e l d  e x a c t l y  t h e  same l e v e l  o f  mean s t r e a m l i n e  stage reac t i on .  

A l though  the  i n v e s t i g a t i o n  has covered a r e l a t i v e l y  small range, 

i t  must be concluded t h a t  t he  s t ream- f i lament  a n a l y s i s  w i l l  n o t  p r e d i c t  

s i g n i f i c a n t  v a r i a t i o n s  i n  s tage e f f i c i e n c i e s  f o r  changes i n  s t a t o r  e x i t  

a n g l e  d i s t r i b u t i o n  when these d i s t r i b u t i o n s  a r e  s e l e c t e d  t o  produce a 

cons tan t  va lue  of  mean streaml i n e  s tage reac t i on .  
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The V a r i a t i o n  o f  E f f i c i e n c y  With Stage React ion  

To i n v e s t i g a t e  the  e f f e c t  of changes i n  t h e  stage r e a c t i o n ,  a 

s e r i e s  o f  f o u r  stage designs were i nves t i ga ted .  These analyses used con- 

s t a n t  s t a t o r  e x i t  ang le  s p e c i f i c a t  

t r i b u t i o n  ( f = 0.87). The p r i n c  

tabu 1 a t e d  be l  ow. 

Des i gn Number 

S t a t o r  E x i t  Flow Anqle 

ons and a cons tan t  power o u t p u t  d i s -  

pal  r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  a r e  

8 9 2 7 

- 
( d 4  67.16 67.08 67.00 66.8 

Tota  1 - t o -To ta l  E f  f i c i  ency 
(pe r  cent)  87.48 87.945 88.25 88.82 

T o t a l - t o - S t a t i c  E f f i c i e n c y  
(per cent)  70.77 70.13 69.68 68.76 

Mean S t ream1 i ne Stage 
React i on 0.41 1 0.488 0.536 0.621 

Stage r e a c t i o n  i s  c o n v e n t i o n a l l y  de f ined as the  r a t i o  o f  s t a t i c  tempera- 

t u r e  drop across the r o t o r  t o  t h e  stage t o t a l  temperature drop; t he  mean 

s t r e a m l i n e  va lue  i s  ob ta ined  from the temperatures cor respond ing  t o  the  

mass f l o w  mean s t reaml ine .  The r e s u l t s  g i ven  i n  the  above t a b l e  a r e  a l s o  

shown i n  F i g u r e  12. The opposing tendencies a r e  n o t  e n t i r e l y  unexpected 

and which va lue  o f  stage r e a c t i o n  would be cons idered optimum w i l l  depend 

on t h e  p a r t i c u l a r  a p p l i c a t i o n  o f  the  t u r b i n e  stage. 

The p r e d i c t e d  e f f e c t  of a change i n  r e a c t i o n  i s ,  o f  course, de- 

pendent on the l o s s  c o r r e l a t i o n  used i n  t h e  a n a l y s i s .  The major f a c t o r  

i n  t h e  change i n  the  s tage performance i s  the  change i n  the  r e l a t i v e  ve- 

l o c i t y  r a t i o  f o r  t he  r o t o r  b lade elements; F i g u r e  13 compares r o t o r  ve- 

l o c i t y  r a t i o s  of  t he  two extremes o f  s tage r e a c t i o n  (Designs 7 and 8). 

T h i s  f i g u r e  a l s o  compares t h e  computed t o t a l - p r e s s u r e - l o s s  c o e f f i c i e n t s  

and t h e  r o t o r  r e l a t i v e  e x i t  Mach numbers o f  t he  t w o  designs. The lower 
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r e a c t i o n  des ign  has a 3 3  per cent  h igh r o t o r  hub t o t a l - p r e s s u r e  l o s s  co- 

e f f i c i e n t ,  b u t  t h e  e f f e c t  on mass f l o w  weighted stage t o t a l - t o - t o t a l  e f f i -  

c i e n c y  i s  o f f s e t  t o  some e x t e n t  by the lower r o t o r  r e l a t i v e  e x i t  Mach 

number; t h e  change i n  t o t a l - t o - t o t a l  e f f i c i e n c y  i s  o n l y  1.34 percentage 

p o i n t s .  

V a r i a t i o n  o f  E f f i c i e n c y  Wi th Staqe Loading 

From t h e  des ign o p t i m i z a t i o n  i n v e s t i g a t i o n  i t  can be concluded 

t h a t  changes i n  t h e  power ou tpu t  d i s t r i b u t i o n  and i n  t h e  s t a t o r  e x i t  f l o w  

angle d i s t r i b u t i o n  

r e s u l t i n g  design. 

which mechan ica l l y  

t i v e l y  smal l .  The 

d i c t e d  s tage e f f i c  

the  range of e f f i c  

the  smal l  d iameter  

c i e n c y  l e v e l  r e s u l  

do n o t  s i g n i f i c a n t l y  a f f e c t  the  performance o f  t h e  

However, the  ranges o f  these des ign parameters for 

acceptable b l a d i n g  geometr ies a r e  computed a r e  r e l a -  

e f f e c t  o f  a change i n  mean stage r e a c t i o n  on the  pre-  

ency o f  Turb ine  D i s  more s i g n i f i c a n t .  Nevertheless,  

enc ies  p r e d i c t e d  f o r  a range of mean stage r e a c t i o n  of 

t u r b i n e  i s  l e s s  s i g n  f i c a n t  than t h e  r e d u c t i o n  i n  e f f i -  

i n g  from an increase i n  mean stage load ing  which accom- 

pan ies  t h e  r e d u c t i o n  o f  t h e  t i p  diameter f r o m  t h e  va lue  used i n  Turb ine  A. 

Hence, t h e  o v e r - a l l  e f f e c t  on performance o f  a r e d u c t i o n  i n  t i p  d iameter  

can be reasonably i l l u s t r a t e d  by any sys temat ic  v a r i a t i o n  of t h e  o t h e r  

a n a l y s i s  v a r i a b l e s .  For the  f o u r  designs f i n a l l y  se lec ted ,  the  complete 

computer o u t p u t s  a r e  g iven i n  Appendix 1 .  

F o r  t h e  f o u r  t u r b i n e s ,  a cons tan t  s t a t o r  f low ang le  i s  s p e c i f i e d  

f o r  each. 

degrees f o r  Turb ines A, 6 ,  C ,  and D,  r e s p e c t i v e l y .  These s p e c i f i c a t i o n s  

vary  the mean s t r e a m l i n e  r e a c t i o n  from 0.5 f o r  Turb ine  A t o  0.411 fo r  

T u r b i n e  D. 

The a c t u a l  angles s p e c i f i e d  a r e  66.7, 66.9, 67.1, and 67.16 

The p a r t i c u l a r  v a r i a t i o n  f i n a l l y  s e l e c t e d  was judged to  be a 
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s u i t a b l e  compromise between t h e  l e v e l s  o f  t o t a l - t o - t o t a l  and t o t a l - t o -  

s t a t i c  e f f i c i e n c i e s  f o r  t h e  smal l  d iameter t u r b i n e ,  

The s p e c i f i c a t i o n s  f o r  the power o u t p u t  d i s t r i b u t i o n  a l l  use t h e  

p a r a b o l i c  v a r i a t i o n  o f  the  nondimensional power f u n c t i o n  w i t h  t h e  nondi -  

mensional mass f l o w  f u n c t i o n .  The a c t u a l  d i s t r i b u t i o n s  a r e  i d e n t i f i e d  by 

the  va lues o f  f which a r e  0.95, 0.94, 0.93, and 0.87 f o r  Turb ines A, B,  

C ,  and D, r e s p e c t i v e l y .  The mean s t r e a m l i n e  t o t a l  temperature drop f o r  

each t u r b i n e  i s  cons tan t  and t h e  hub s t reaml  ne temperature drops a r e  97.5, 

97, 96.5, and 93 p e r  cent  of t h e  mean stream i n e  va lue  fo r  Turb ines A ,  B ,  

C ,  and D, r e s p e c t i v e l y .  The reduc t ion  o f  hub temperature drop w i t h  de- 

c r e a s i n g  hub speed and hub s e c t i o n  r e a c t i o n  was found t o  be necessary i n  

o r d e r  t o  a v o i d  a l i m i t i n g  l o a d i n g  c o n d i t i o n .  

I n  a d d i t i o n  t o  t h e  f u l l  computer o u t p u t  of Appendix I ,  which can 

be used f o r  d e t a i l e d  comparisons of t h e  designs, the  e f f e c t s  o f  t h e  t 

r a d i u s  change a r e  summarized i n  F igures 14, 15, 16, 17, and 18. I n  F 

u r e  14 t h e  t o t a l - t o - t o t a l  and t o t a l - t o - s t a t i c  e f f i c i e n c y  v a r i a t i o n s  w 

t i p  r a d i u s  a r e  shown. As s t a t e d  e a r l i e r ,  by v a r y i n g  t h e  mean st reaml  

s tage r e a c t i o n s  o f  Turb ines  B,  C ,  and D, t h e  r a t e  o f  d e t e r i o r a t i o n  o f  

P 

9- 

t h  

ne 

t o t a  1 - 
t o - t o t a l  e f f i c i e n c y  c o u l d  have been lessened a t  t h e  expense o f  t h e  d e t e r i o -  

r a t i o n  i n  t o t a l - t o - s t a t i c  e f f i c i e n c y .  For  t h e  s e l e c t e d  designs, t h e  re-  

d u c t i o n s  i n  e f f i c i e n c i e s  corresponding t o  a 25 per  cent  r e d u c t i o n  i n  t i p  

r a d i u s  a r e  5.6 and 9.2 percentage p o i n t  f o r  t h e  t o t a l - t o - t o t a l  and t o t a l -  

t o - s t a t i c ,  r e s p e c t i v e l y .  

I n  F i g u r e  15, t h e  tu rb ines  a r e  compared i n  terms o f  schematic 

s i d e  view. A l s o  noted on t h i s  f i g u r e  a r e  t h e  s p e c i f i c a t i o n s  f o r  t h e  ana ly -  

s i s  v a r i a b l e s  and a performance summary of each design. The mean l e v e l  o f  

l o a d i n g  f o r  the  stages a r e  i n d i c a t e d  by t h e  mean b l a d e - t o - j e t  speed r a t i o .  
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T h i s  r a t i o ,  9 , i s  d e f i n e d  as fo l l ows :  

where i s  t he  mean b lade speed and AT, .s the i s e n t r o p i c  t o t a l  tem- 

p e r a t u r e  drop. The va lue  o f  -d 

0.456, and 0.378. 

f o r  the f o u r  designs a r e  0.592, 0.526, 

V e l o c i t y  diagrams f o r  hub, mean, and cas ing  r a d i i  a r e  g iven i n  

separa te  f i g u r e s .  

grams; F i g u r e  17, t h e  mean sect ions;  and F i g u r e  18 p resen ts  the  cas ing  

s e c t i o n  diagrams. 

no ted  t h a t  t h e  r a d i a l  l o c a t i o n  o f  the mean s t r e a m l i n e  r a t h e r  than the  

F i g u r e  16 compares the  f o u r  se ts  o f  hub s e c t i o n  d i a -  

I n  t h e  case o f  the mean s e c t i o n  diagrams, i t  should be 

a r i t h m e t i c  mean r a d i u s  i s  used. Hence, t h e  s t a t o r  e x i t  and s tage e x i t  

d iagram f o r  t he  mean s e c t i o n  have d i f f e r i n g  s e c t i o n  r a d i i  and b lade speeds. 

Conc lud ing  Remarks 

The p r e d i c t e d  v a r i a t i o n  o f  t o t a l - t o - t o t a l  e f f i c i e n c y  w 

c r e a s i n g  stage l o a d i n g  can be considered s a t i s f a c t o r y .  The p red  

t h  i n -  

c t e d  Val-  

ues are,  o f  course, d i r e c t l y  dependent on the  l oss  c o r r e l a t i o n  assumed i n  

the  a n a l y s i s .  The c o r r e l a t i o n  used was based on the  c o r r e l a t i o n  o f  ach iev-  

a b l e  stage e f f i c i e n c y  presented as F i g u r e  4 o f  Reference 1. T h i s  data used 

f o r  the loss c o e f f i c i e n t  c o r r e l a t i o n  were de r i ved  f rom a mean-l ine a n a l y s i s  

and t h e  c o r r e l a t i o n  has been app l i ed  i n  t h e  computer program t o  i n d i v i d u a l  

s t a t o r  and r o t o r  o r  hub and cas- 

the  p r e d i c t e d  v a r i a t i o n s  o f  

assessment o f  element p e r f o r -  

s i n t e r e s t i n g  t o  compare the  

e" e f f i c i e n c y  ob ta ined  from 

elements, w i t h o u t  any d i s t i n c t i o n  between 

i n g  s e c t i o n s  o f  t h e  b lad ing.  A review o f  

s t r e a m l i n e  e f f i c i e n c i e s  suggests t h a t  t he  

mance has produced r e a l i s t i c  values. I t  

p r e d i c t e d  e f f i c i e n c i e s  w i t h  t h e  "achievab 
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F i g u r e  4 o f  Reference 1. The values o f  mean stage load ing  f a c t o r  and 

s tage f l o w  f a c t o r ,  used i n  the simple c o r r e l a t i o n  o f  ach ievab le  t u r b i n e  

e f f i c i e n c y  toge the r  w i t h  a comparison o f  t he  p r e d i c t e d  e f f i c i e n c y  and 

Loading Fac tor  Flow F a c t o r  

Tu rb ine  A 1.15 

Tu rb ine  B 1.43 

Turb ine  C 1.87 

Turb ine  D 2.57 

The " ~ c h i e v a b l e "  e f f  i c i  

"achievable" e f f i c i e n c y  a r e  g iven i n  t h e  f o l l o w i n g  tab le .  

"Achievable" 
E f f i c i e n c y  

0.942 

0.937 

0.921 

0.881 

y al lowance f ncy do 

0.57 

0.66 

0.77 

0.97 

not  mak 

P r e d i c t e d  
E f f i c i e n c y  

0.93 1 

0.920 

0.902 

0.875 

the  h u b / t i p  

r a t i o  of t h e  stage. Hence, u n t i l  such t ime  as exper imental  data a r e  

a v a i l a b l e  f rom stages designed using t h e  des ign  a n a l y s i s  program, t h e  loss 

c o r r e l a t i o n  recomnended and used i n  t h e  c u r r e n t  a n a l y s i s  can be cons idered 

s a t i s f a c t o r y .  

Dur ing  t h e  i n v e s t i g a t i o n  of t h e  e f f e c t  on p r e d i c t e d  performance 

o f  changes i n  t h e  a n a l y s i s  va r iab les ,  no s i g n i f i c a n t  change i n  e f f i c i e n c y  

l e v e l  was p r e d i c t e d  i f  the  mean stage r e a c t i o n  was main ta ined constant.  

I t  i s  t r u e  t h a t  t h e  d e t a i l e d  i n v e s t i g a t i o n  was concent ra ted  ma in l y  on one 

stage and t h a t  o n l y  r e l a t i v e l y  simple r a d i a l  v a r i a t i o n s  o f  t he  s t a t o r  e x i t  

c o n d i t i o n s  and s tage power ou tpu t  were considered. Nevertheless,  i t  i s  

q u i t e  p robab le  t h a t  a p u r e l y  s t ream- f i lament  a n a l y s i s ,  l i m i t e d  t o  t h e  so- 

l u t i o n  o f  t h e  f l o w  f i e l d  a t  i n t e r b l a d e  row s t a t i o n s  arid w i t h  t o t a l  p res-  

s u r e  losses  assessed f o r  i n d i v i d u a l  s t reaml ines ,  w i l l  no t  p r e d i c t  t he  

a c t u a l  performance d i f f e r e n c e  o f  designs hav ing  t h e  same annulus geometry. 

The a c t u a l  performance o f  a blade row i s  undoubtedly a f f e c t e d  by t h e  over -  

a l l  des ign  of t h e  row. Wh i le  r e l a t i v e l y  small d i f f e r e n c e s  i n  performances 

. 
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a r e  l i k e l y  t o  be p r e d i c t e d  f o r  a l t e r n a t i v e  b lade  t w i s t s  us ing the  stream- 

f i l a m e n t  approach, the  a c t u a l  d i f f e r e n c e  i n  performance o f  the  t u r b i n e  

stages cou ld  be s i g n i f i c a n t .  

the  st ream-f i lament  approach could be an important  tool f o r  use i n  a f u l l y  

i n t e g r a t e d  t u r b i n e  research program. 

However, a design a n a l y s i s  program based on 
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CONCLUS I O N S  

1 .  The p r e d i c t i o n  of t h e  des ign-po in t  b lade  row geometry and stage per -  

formance of f ou r  s i n g l e  stages hav ing  t h e  same o v e r - a l l  design r e q u i r e -  

ments has shown a 5.6 p e r  cent drop i n  t o t a l - t o - t o t a l  e f f i c i e n c y  and 

a 9.2 per  cent  drop i n  the t o t a l - t o - s t a t i c  e f f i c i e n c y  f o r  a 25 per cent  

r e d u c t i o n  i n  t i p  diameter from a conserva t i ve  des ign  value. These 

changes were f o r  a p a r t i c u l a r  v a r i a t i o n  o f  stage r e a c t i o n ;  h i g h e r  Val-  

ues of t o t a l - t o - t o t a l  e f f i c i e n c y  f o r  t he  most h i g h l y  loaded s tage 

c o u l d  have been achieved a t  the expense o f  the t o t a l - t o - s t a t i c  e f f i -  

c i ency  and v i c e  versa. 

2. I n  an i n v e s t i g a t i o n  o f  the e f f e c t s  o f  changes i n  t h e  a n a l y s i s  v a r i -  

ab les,  i t  was e s t a b l i s h e d  t h a t  t h e  r a d i a l  v a r i a t i o n  o f  t a n g e n t i a l  ve- 

l o c i t i e s  a t  s t a t o r  e x i t s  a r e  l i m i t e d  by t h e  r a d i a l  e q u i l i b r i u m  re -  

qui  rement t o  d i s t r i b u t i o n s  which a r e  c l o s e  t o  " f ree -vo r tex "  d i s t r i -  

bu t i ons .  Small changes i n  w h i r l  d i s t r i b u t i o n  s p e c i f i c a t i o n s  produce 

r e l a t i v e l y  l a r g e  changes i n  the m e r i d i o n a l  v e l o c i t y  and abso lu te  f l o w  

ang le  d i s t r i b u t i o n s .  

3. Using a r e a l i s t i c  c o r r e l a t i o n  o f  t h e  t o t a l - p r e s s u r e - l o s s  c o e f f i c i e n t s  

f o r  i n d i v i d u a l  b lade elements, i t  has been shown t h a t  t he  s p e c i f i c a t i o n  

o f  a un i fo rm d i s t r i b u t i o n  of  power ou tpu t  f r e q u e n t l y  produces a l i m i t -  

i n g  l oad ing  c o n d i t i o n  a t  r o t o r  hub sec t i ons .  I t  i s  then necessary t o  

reduce the work ou tpu t  o f  these s e c t i o n s  i n  o rde r  t o  o b t a i n  a s o l u t i o n  

o f  t h e  stage e x i t  f l o w  f i e l d  which w i l l  s imu l taneous ly  s a t i s f y  the  loss 

s p e c i f i c a t i o n  and the  r a d i a l  e q u i l i b r i u m  requirement. The r e d i s t r i b u -  

t i o n  o f  t h e  power o u t p u t ,  however, r e q u i r e s  c a r e f u l  c o n s i d e r a t i o n  i n  

t h e  case of  h i g h l y  loaded stages to  a v o i d  the  t r a n s f e r  o f  t h e  l i m i t i n g  
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l o a d i n g  c o n d i t i o n  t o  o t h e r  sec t ions  o f  t h e  b lad ing .  

4. Whi le  t h e  c o r r e l a t i o n  o f  t o t a l - p r e s s u r e - l o s s  c o e f f i c i e n t  used i n  t h e  

present  a n a l y s i s  appears t o  g ive  r e a l i s t i c  s o l u t i o n s ,  i t  w i l l  be nec- 

essary t o  rev iew t h e  c o r r e l a t i o n  u s i n g  exper imenta l  data from stages 

designed u s i n g  t h e  s t ream-f i lament  approach. The e x t e n t  t o  which t h e  

performance of a stage i s  a f f e c t e d  by i n t e r f i l a m e n t  m i x i n g  and t h e  

o v e r - a l l  des ign of t h e  b l a d i n g  (as opposed t o  t h e  des ign o f  i n d i v i d u a l  

b lade elements) should also be i n v e s t i g a t e d  a n a l y t i c a l l y  and e x p e r i -  

menta l l y .  
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NOMENCLATURE 

Svmbol s Units Desc r i p t i on 

Angle of streamline slope in 
the meridional plsne 

A 

Q Specific heat a t  constant 
pressure 

Btu/lbm deg R 
(J/kg deg K) 

Kinetic-energ - loss  coeffi- 
cient (= I -J</ii;, e 

f Index for parabolic power out- 
put distribution -- 

2 lbrn/lbf ft/sec 

f t 1 bf/Btu 

Constant in Newton's law 

Mechanical equivalent of heat 

I ndex on st ream1 i nes -- 
Number of streamlines -- 

2 psi (N/cm ) r, Total pressure 

Nondimensional Dower function 

- 
R Stage reaction = - T - T I  . 

T3 -T.1 
Radius 

_- 
in or ft (crns) r 

Meridional component o f  streem- 
1 i ne curvature 

Total temperature deg R (deg K) 

f t/sec (m/sec) 

f t/sec (m/sec) 

Blade speed 

Velocity 

Nondimensional mass f low func- 

P Flow angle 
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T o t a l  - t o - t o t a l  i s e n t r o p i c  e f  f i - 
c i ency -- 

e f f i c i e n c y  -- Tota 1 - t o - s t a t  i c s tage s e n t  rop i  c 

- 
-- U B l a d e - t o - j e t  speed r a t  o = ~ z - - - - z  

12 j-, 7 1 1 5- ‘0s 

Subsc r ip t s  
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Uni t s  

D e s c r i p t i o n  

Cas i ng 

C o n d i t i o n  a t  Mach 1 

Ex; t 

Hub 

I n l e t  

Mer i d i  ona l  

I s e n t r o p i c  

Tangent i a1 

A x i a l  

Stage i n l e t  

S t a t o r  ex i  t / r o t o r  i n l e t  

Stage e x i t  

D e s c r i p t i o n  

R e l a t i v e  t o  r o t o r  

Mean o r  mass f l o w  weighted va lue  
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A P F E N D I X  I 

COMPUTER OUTPUT FOR TURBINE DESIGNS A, B, C, AND D 

The f o l l o w i n g  payes con ta in  t h e  f u l l  computer ou tpu t  f o r  t he  

f o u r  s ing le -s tage  designs. 'The design requi  rernents and loss  c o e f f i c i e n t  

c o r r e l a t i o n  a r e  h e l d  cons tan t  f c r  t h e  f o u r  designs a s  the  t i p  d iameter  

i s  decreased by 25 per cent  from a va lue  c o n s i s t e n t  w i t h  a conserva t i ve  

des i gn. 
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2 4 2 . 4 3 2  C.215CS 14.6960 
243.432 0.71909 14.h960 
2 4 3 . 4 3 2  0.21409 14.h9tO 
243.432 0.215C9 15.6960 
2 4 3 . 4 3 2  C. 21909 14.6960 
2 4 ? . 4 3 2  C.21909 14.6960 
243.432 C.21909 14.6960 

51R.70 
51n.10 
51R.70 
518.70 
51R.70 
518.70 
5 1 8 . 7 0  

5lB.10 
51n.70 

c. * 
0. 
0 .  * 
0. * 
c. * 
0. c 
0. 
0. * 
0. * 



ABSCLLTE AOSCLLTC A C S O L L l E  ACSOLUTE 4 
L l R E A M L l h E  R A C I A L  CbSS-FLCY CErlClCYIL A X I I L  W l R L  ABSCLLTE YACH I C l b L  in: b L  FLOY b 

I l N l  1 1 8 M I S E C l  I F P S I  I F P S I  I F P S I  I F P S I  I P S I I  l t t G  P I  I C E G I  * 
I 14.4630 0.  359.289 359.209 e 3 4 . 2 t 0  908.338 C.81340 14.2523 5lR.7C 66.100 4 

NWBER P C S I T I O N  F U N C T I O N  V C L C C I T V  V F L O C I T V  V E L O C l l V  V E L O C l l V  hUCBER P R E S S L l l  T t C P F R I I U R E  bNGLE 

14.9410 

15.H5d4 
16.3023 
16.73 77 
I l . lhS3 
1l.SRSV 
18.0000 

15.4050 
3 SC .004 
3 4  1.460 
333.556 

C. 8476 1 

C.8C751 
C.70764 
C. 16424 
0.14712 
0.73114 
0.1 1616 

0 . e 2 4 c 7  
4.2tR-i 

4.2SlS 
4.3101 
4.3225 
4 . 3 ? 3 4  

14 - 3 4  35 
14.3q29 

4.2141 
 SIR.^ 
514.10 
5lR.lC 
518.70 
51R.70 
5lR.70 
518.70 
51R.10 

66.700 b 
66.100 $ 
66.700 
tt .700 
66.1CO * 
66.700 4 
bt.700 b 
6t.100 

5.hR85 
11.371C 

6 
3 

5 6  17.06564 333.  
22.15422 326.203 
7R.447RZ 319.?49 
34.13143 312.q22 
39.H2005 )0h.041 
45.son69 3c)i . iei  

326.208 
3 15.369 
3 12.922 

151.441 824.105 
141.*20 8C7.364 
126.597 791.116 
712.?69 775.P4l 
C99.341 161.439 

S T R E I C L l N E  
S T h T I C  SLOPE 

1 E Y P F U b l U Y E  A N G L f  
( O E G  n i  (CEGI 

R E L A T I  Yf  
VACH 

NLCHER 

I I E L b T l V E  
T C T 8 L  

PRFSSLRE 
I F S I I  

R t L A T l V F  
I O l b L  

I ECPE R l T U R E  
ICFG n i  

R E L A T I V E  * 
FLOY C 
ANGLE 4 
I O E G I  

S TR E AML I NE 
Nwnrn 

STAT I C  
P Y E S S U W  

( P S I  I 

STR €AWL IN€ 
C U a V A l U Y L  
( P E R  I N 1  

0. 
0. 
C. 
0. 
0 .  
0. 
0. 
C. 
0. 

ELACE R E L I T I V F  

I F P S I  ' I F P S I  

581.i36 435.45C 
tCl.591 405.t74 
t26.461 379.t48 
644.299 357.852 
662 .95 l .  3 3 S . t l 9  

VILOCI~V r t L n c i 1 v  

tno.657 I~: .CQI 

8.6702 

9.1410 
n .919~ 

450.04 0. 
453.55 0 .  
456.63 0. 
459.53 0. 
462.10 0. 
4bC.+b 0 .  
4 6 6 . 6 1  0. 
468.61 0 .  
410.45 0. 

C.4 I074 

0.3h7t0 
0.34E5S 
0.32230 
C. 3011 3 
0.29t 75 
C.285ZI 

c . 3 8 ~ 6 0  

c . 2 ~ 4 9 3  

9 . i e i n  
9 .RSBC 

10.0109 
IO. 1 3 ~ 4  
10.7628 
LO. 39Ofl 
10.5201 
10.6533 
10.1~94 

465.C2 
467.24 
46U.tq 
410.18 
471.70 
413.15 
474.84 
416.45 
418.C5 

34.401 b 
30.311 b 
25.981 b 

9.35b6 
9.5502 
9.1291 
9.8966 

10.0524 
10.1981 

21.235 b 
16.155 
10.790 C 

5.213 b 
-0.482 
-6. I81  b 

69C.C48 314.222 
115.151 ?Ct . fF l  
131.991 3Ci.548 

** STACE E X I T  1 ** 

ABSOLLTE 
YACH 

hUPR E R 

AB S C L  L T E  
T C T I L  

P R E S I C R I  
I P S 1 1  

I C S O l U  T E 
1 0 T b l  

I F C P E S I T U R E  
I C F G  P I  

431.52 
436 -59 
43h.55 
435.52  
4 3 5 . 3 5 .  
4 3 4 . 8 5  
4 3 4 . ? 2  
433.78 
433.25 

A e s c L u T E  
FLOY b 
ANGLE 
I O E G I  * 
C.663 C 
0.606 
0.527 + 
C.428 
0.312 4 

5 :KEA b!l I N E  
NWHFR 

R A O I A L  
P C S I  7 1  0% 

I I N I  

14.4650 
14.939h 
15.4001 
15.H4YB 
16.29C0 
16.12 5U 
11.1 5S8 
17.5184 
18.0000 

CAS-F L C W  v t n  I c i o p t i ~  
F U k C l l  CN V I  L O C I l Y  
I L B P l S E C l  I F P S I  

0. 4 35 .I1 13 
5.6RR69 4 3 5 . 1 1 1  

A X I A L  W I n L  
V E L f l C l l V  

I F P S I  

5.032 
4 . tOS 
3 .SBh 
3.211 
2.?13 

c.734 
-c.911 
-2.109 

, 1.314 

A e S C L L I t  
VELOC I rv 

I F P S I  

535.102 
4 3 5 . 1 5 0  
433.107 
47q.621 
425.C19 
415.712 
513.666 
401.c29 
395.e4i 

V E L C C l l V  
I F P I I  

4 l¶.ClS 
435.111 

4 29.609 
42 5.0 72 
419.11C 
413.666 
4Cl.CZ8 
399.835 

4 3 3 . ~ 0 3  

0.4372C 
C.43751 
0.43069 
0.42737 
0.4 21 96 
C.4lllO 
0.41173 
0.40517 
0 39R 0 4  

1.6243 
7.h257 
l .h l7b  
l.h0?0 
1.5837 

7.5358 
7.5CR5 
1.4195 

7.56 i n  

11.37731) 4 3 3 . O R 3  
ll.tlh6OV 42P.bC9 
22.75482 425.012 

34.13243 413.666 

45.5ICOl 399.1135 

zn.45361 4i~.710 

~ ~ . R Z I Z ~  407.021 

0.179 C 
0.032 

-C.128 
-0.302 

1 
I 

R E L A T I V E  
MACF 

N b C B t R  

R E L b T l V F  
T C T b l  

I P S I  I 

9.4949 
9.b390 
9.7148 

P o E s s L n F  

R E L A T I V E  
1 C T b L  

TECPERbIURE 
I O E G  9 1  

405.82 
4b1.24 
468.67 

R E L A T I V E  b 
FLOY * 
ANGLE b 
I D E C I  

-53.277 6 
-54.184 * 
-55.1M C 

S T R E I Y L I N E  
S T A T I C  S L C F E  

TEMPERATURE ANGLE 
STREAMLINE 

NWDER 
S T A T I C  

PRESSURf  
I P S 1  I 

S T R f b C L l N E  
CURVATURE 
( P E R  I N 1  

0. 
E. 
0. 

_ -  . 

RLADE 
V E L C C I  TV 

I F P S I  

5 e t . z ~  
t01.531 
62t.Zt6 

R C L A l I b E  
W L C C I T V  

I F P I I  I O E C  R I  I O E G l  

471.11 0.  
421.23 0. 
420.84 0.  

121.t09 
143.533 
758.151 

C.12776 
0.139C5 
C.15192 

1 
2 
3 

h.1058 
6.1059 
6.1058 

L- _. 

-56.183 
-51.223 
-58.272 4 
-59.324 C 
-60.375 b 
-61.429 + 

0 .  t44.551 
t62.430 
680.141 
691.580 

731.991 
114.e4.9 

9.9c59 

IG .163R 
lC.2934 
10 -4249 
1C.S5(11 

i o . o m  
470. I4 
471 (5 
411.20 
414.10 
476.41 
418.09 

4 
5 
b 

-___ 6.1050 
6.1078 
6.1090 
b.  10% 
6.105R 
6. T O 5 9  

420.56 0. 
420.35 0. 
420.19 0. 
420.08 0. 
420.00 0. 
419.95 0. 

O.lb7R9 
0.78127 
0.194 2 1 
0.10702 
O.Al963 
0.83215 

0 .  
0. 
0 .  
0 .  
0 .  

1 

- .  .-. 

1 
I 
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** STAGE 1 PEUFORMbNCE ** 

S l b T O R  ROTOR 
I l l T r R  

B L I C E  R C L  
E f F I C I F N C V  

R C T C R  
I S f N I P C P I C  
E F F l C l E h C V  

n .q 5c 3 %  

n . w 4 5 r  

n : ~ e ~ i i  

0 . 9 t l 2 1  

C.Vbh71 
O . q h n ? \  

C . ' fh?h 1 
c.90979 
0 . 9 6 9 7 1  

S T A C E  
I S I N T R C P I C  
FFF IC I EhCV 

r.315:s 
0.92 I R 1  
0.026419 
c . 9 3 c c z  
C.9 3 2 7 5  

0.936'17 
0.93788 

c . w 4 e q  

r.93881 

PRCSSIJRE 
LOSS 

CUFFF i c i w  

PRFSSLRE 
1csr 

C C E f f  I C  I fNT 
STREAlrLINE 

hUMMCR 
S T A l O R  

UI A C T  I CN 

0.26800 
0.21511 
0.28199 
n . 2 ~ 8 6 7 '  
0 . 2 9 5 1 7  
a. 301 5 1  
0.30771 
0.31376 
0 3 1 9 1 0  

R C T O l  
M C A C I I L h  

C. lOle6 
C.OAR1S 

0.0717R 
C .C6724 
C.06412 
C. C b? 01 
C .OhC66 
C.C5590 

c .c rem 
1 
2 
3 

0.5904 I 
0 . 5 4 5 t 0  
0.501C1 
G.46358 
C.51253 
C.40132 
0.38754 
0.37271 
C.36241 

C .C7049 
c . c 79  a4 
0 .OR0 1 9  
0.08C56 

0.08133 
0.00113 
0.08215 
C.08258 

c. cnow 

c.s4s93 
C . 5 4 4 8 2  

0.54279 
C.55185 
C.54C96 
c .94C 10 
C.53526 

c . 4 4 ? 7 ~  

c.s3e45 

0.92501 
0.93547 
C.54359 
C.94154 
C. 9 5 1  04 
0.95354 
0.95S32 
0.95t58 
0.951*2 

PASS-bVER4CtO O U I N T I I I E S  

STITCR BLACE-r)oY EFFICICNCV 

RClCR RLADE-ROY E F F l C l E N C V  

STAGE UORK 
STACE TOTlL  E F F I C I E N C Y  

SlACE S T b l l C  E F F I C I E N C V  
S I A G E  BLADE- 10 JET-SPEFC R A T I O  

C.T4157 

= C.54791 

= 15.556 B T L  PER LBC - C.93102 
* C.79996 
8 0.59198 

*** SPOCL PERFORMANCE SUMMARY (PASS-AVERAGED Q l A h T I T I E S l  0 0 0  

SPOOL UCRW = 15.596 8 7 1  PER L B C  
SPCOL PflhER - 1287.50 I-P 

SPCCL TCTbL-  T G  TCIAL-PRESSURE R 4 1 I O  . 1.54CS7 
S i O O ~ - T O i A L ~  T C ~ S T A l I C - P R f S S l J R I  R 4 1 I 0  - i . 1 9 1 5 2  

SPCCL 10TAL E F F I C I E N C V  C.531CZ 
SPCCL STbTIC C F F l C l E N C V  C.15296 

SPCOL eLbCE- 10 JET-SPEEC R41ln ,C.S9158 



, 
60 

- -  -- -~ - - __ - .. I 

I 
--d 

'' PROGRAM TO - A E ~ O O V W M I C  CALCULATIOYS FOR 1ME D E S I G N  OF A X I A L  TURBINES * *  
. . . . .  . .  

HIGHLY LOADED SINGLE S T A G t  OESlGNS - WUBITIP R A T I O  0 .b1,.70,.76 1ESP. 

. . . . . .  __ 

.... . . .  - .. 

- NUMBER OF SPOOLS 9 I 
NUMOER OF StlS OF ANALYSIS VARIAOLES - 3 

NUMBER OF STPEARLINES 9 

GAS EONSTANT = 53.35000 L B F  FTILBM OEG I 
INLET M A S S  FLOY 45.51000 LBMISEC 

- -  - -  - -  

IABULAR I N L E T  S P E C l f l C A I I O N S  

.- ! 

_ _  ._ - . - RAOIAL f b f A L  IOIAL A n s o L u i e  
COORO I N A I E  TEMPERATURE PRESSLRE ?LON ANGLE 

I I W I  IDEQ I 8  I P S 1  I IOEGI 
- . 

lO tODOO 510.10 14.b9bQ 0. 

....... -. .............. 

. . .  ~ - _.  _I___~. . -. 

*** SPOOL I N P U f  DATA *** 

ROTATIVE SPEED 9 4bbO.O RPM 
COMER OUTPUT 1207.50 H P  

I* SET 3 OF ANALYSIS V A R I A I L E S  ** 

NUMBER OF STAGES = I 

PONER-OUTPUT SPLIT 

FRACTION OF 
S l A C E  VWBER SPOOL P C Y R  OUlPUT 

1 1. CCOOO. 

S P E C I F I C - H E 4 1  S P E C l F I C A T I O N  

OESICN STATION wumnca SPECIFIC HEIT 
IBTUILOM OEG R )  

1 c .24 ooc 
2 c. z4000 

0.24000 3 

ANNULUS S P E C I F l C A T l O N  * 
S T A l I O k  NUMBER U I A L  P O S I l l O N  WO R A D I U S  . CASING RADIUS 

I I Y I  I I N )  I I N )  

0. 12.549C 1 b e 5 0 0 0  
IC.  5000 1.0000 12.5690 

2.0000 12.S4PO 16.1000 
3.0000 I2.549C 16.5000 
4r0000 l l r 5 4 9 C  Lb* 1000 

- 1  - . 

- -  ----I 

................. .- 

. . . . . .  - ..... 

. . - -~ ~ 



1 

R A D I A L  b H I R L  

I tNI I O E G I  
- - ._ - - - _- S T A l O R  1 P O S l  lloy ANGLE . .  1 

- 13 .0000  66.900 

. - I - - _ _  NONOICENSIONAL.  
S l R E A M L 1 N E  POWER O U T P U I  

noron I vumneq F U N C T I O N  

.. 

1 C. 
2 C.12162 
3 0.24420 
4 0.36775 
5 0.49227 
6 
7 
8 

-7 1Ht PRESSURE-LOSS C O E F F I C I E N I  COMPUIEO I N  THIS MANNER MAV Y O 1  EXCEEO A L I M I T  W 1~00000000 

___I 

. .  .~ . - .. . . . . 
I 
i 

R A D I A L  
PIJSI 11 UY 

II # I  

12.5490 

13.h445 
14.1606 
14.6582 
15.1391 
13.hOb3 
16.059I 
16.5000 

I 3. 1082 

S I A I I C  

IPS1 I 

14.1128 
14.2128 
14.21 28 
14.2 I 2u 
14.2120 
14.2120 
16.2128 
16.2 128 
11.212I 

cnt SSUHL 

*e*  O U l P U T  OF SPOOL O E S I C N  4 N A L V S l S  I S C T  

** STATOR I N L C I  

MASS-FLOW MCI(ICIChVAL P X I A L  nt I RL 

I L B Y / S L C l  I b P S I  I F P S I  I F P S I  
F U N C l I L I I I  V t L O C l T V  V E L O C I T Y  V E L O C I W  

0. 
5.68875 

11.37750 
17.0b62 5 
22.75500 
28.44375 
34.13250 
39 .82125  
4'1.51000 

243.412 
24 3.412 
243.412 
243 .412  
243.412 
243.412 
243.412 
243 .412  
243.412 

'243.412 0.  
243.412 0.  
243.412 0. 
213.412 0. 
2t3.412 0. 
241.412 0 .  
2 * C . S l l  0. 
245.412 0. 
243.412 0. 

513.77 
513.77 
513.77 
513.77 
513.77 
513.77 
513.77 
513.77 
51l.Tl 

0 .  0.  
0. 0. 
0.  0. 
0.  0 .  
0.  0.  
0. 0. 
0. 0.  
0.  0. 
0. 0. 

__1 

3 OF A N A L Y S I S  V A R I A B L E S I  *** 

I ** 

ABSOLUTE 
VELOC I T V  

( F P S I  

243.412 
243.412 
243.412 
243.412 
243 .412  
243.412 
243.412 
243.412 
243.412 

ABSOLUTE ABSOLUTE ABSOLUTE ABSOLUTE + ..-. 
MACn TOTAL TOTAL FLOY 

NUMBFR PRESSURt  ICMPFRATURE ANGLE 
I O E G 1  * , I P S I I  I O E C  R 1  

0.21907 
0.21907 
0.21907 
0.21907 
0.21907 
0.21907 
0.21901 

. 0.21901 
0.2 1907 

14.696Q 518.70 
14.6960 518.70 
14.6960 518.70 
14.6960 518.70 
14.6960 5111.70 

14.6960 51R.70 
14. 6960  518.70 
14.6960 S18.70 

14. 6960 '1in.10 

0. * 
0. * I 
0. * 
0.  
0.  - * - -  
0. * 
0. # .d 
0. 

0. * I 



** STATOR E R l T  - ROTOR I N L E T  1 ** - -i 

ABSOLUTE ARSOLUTE ABSOLUTE 18SOLUTE 
AX I A L  YHIRL ABSOLUTE MACH TOTAL TOTAL FLOY - 1 
I f P S I  I f P S I  I t P S l  IPS! I IOEG n I  I O E G I  $ 

V E L O C I T V  V E L O C I I V  VELOC I I V  NUMBER PRESSURE TEMPERATURE ANGLE 

bt1@088 f ia480at  *611141 0 1 ~ 1 ~ f i l  14,8086 s i n r i a  ~ 1 . 9 0 0  i 
. I  

R A U I A L  MASS-FLOY M E R I O I O N A L  
PUS1 11ON F U N L I I O N  V f L O G I l V  

I I N I  i L n w s c c i  IFPSI 

11. 44‘4U 01 111,014 

-.  
11.11948 5.68Wl 1fi4.213 
13.6212 11.37706 352.801 

3b4.411 h’I4.629 928.468 t).U9!W l 4 r 2 4 2 4  5 IMs18  Ab.980 
352.801 821.144 899.244 0.86342 14.2534 518.10 66.900 * 1 
342.451 802.865 812.849 0.83449 14.2723 518.70 66.900 I __I 
333.021 ino.757 8 4 8 . 8 ~ 4  0.80846 i4 .2892 518.10 66.900 (I 
324.315 760.481 826.176 0.78485 14.3046 518.10 66.900 
316.401 141.791 006.451 0.16321 . 14.3185 51 0.10 66.900 
309.009 124.461 781.610 0.74344 14.3313 518.10 66.900 ---i 
302.121 108.324 170.061 0.12512 14.3430 518.10 66.900 j 

14.1312 17.06563 342.451 
14.hZll  22. 15422 333.021 
15.1106 1 8 . 4 4 7 0 6  324.375 
15.5831 34.13148 316.401 
16.0463 39.82014 309.004 
16.5000 45.50882 302.126 

_ _  .__- - 
S T R E A M L I N E  - R E L A T I V E  --- 

S T H E 4 M L I N E  S T A T I C  S T A T I C  S L O P t  S T R t A M L  I N E  RLAOE R E L A T I V E  MACH 
YU’IRCR PRESSURE 1 E M P t R A l U R E  ANGLE CURVATJRE V E L O C I T V  VELOC I l V  NUMBER 

I P S I I  ( O t G  R l  I O E G I  I P C R  I N 1  I F P S I  I F P S I  

R E L A T I V E  
T O T L L  

PRESSURE 
( P S I )  

R E L I T  I V E  R E L I T  I V E ?  -1 

TEMPERCTURE ANGLE * .._, I T O T A L  FLOY 

I D E G  R I  i 0 F C l  * 
465.29 44.746 +.- 
466.61 41.432 e 7 
467 -90 37.155 I 

1 
2 
3 

8.103&-- 
8.4521 
8.7635 
9.0(211 . 
9.2955 
9.52 55 

9.9194 
1O.lOlY 

- 9.13b0 __ 

-IC1.81-- 0.  

45 1.41 0. 
455.30 0. 
458.75 0. 
4h 1. 82 0. 
464.58 - 0. 
461.08 0. 
469.35 0. 

446.91 , 0. 
- 0. 

0 .  
0 .  
0. 
0 .  
0 .  

- 0 .  
0 .  
0 .  

510.320 - 53C.941_- -  0.51529-.- 
532.514 485.864 0.46882 
553.922 446.232 0.42846 

__ 9.7126 
9.8261 
9.9422 

4 574.662 411.521 0.39344 
594.821 381.409 0.36328 
614.489 355.111 0.33768 
633.707 ~ 334.353-0.31645 
652.527 317.211 0.29948 
610.992 304.424 0.28666 

10.061 1 
10.1829 
10.3071 
10.4357 
10.5668 
10.1013 

469.40 33.679 +- 
410.85 29.115 I 
412.35 24.232 
473.88 i::::: .A7 
415.46 
471.01 1.042 * 

5 
6 
1 -  
8 
9 

.i 

- ABSOLLTE ABSOLUTE 
U I C H  TOTAL 

NUMBER PRESSURE 
.. - ~ I P S I I  

0.42994 1.5027 
- 0.43495 T.5258 

0.43815 7 .5415 
0 .43830 ’1.5436 
0.43561 1.5333 
0.4311b 1 .5  I41 
0.42528 7 .4903 
0.41833 1.4618 

1.4301 0.4 1048 

.. 
S T < E h M L I N E  R A D I A L  UASS-FLOU 

I I N I  I L 8 ’ 1 I S  EC I 
NUYOER P O S I T I O N  F U N C T I O N  

M E R l n I O N I L  
V E L O C l  TV 

IFPS) 

AX I A L  
VELOC I T V  

I F P S  I 

W l R L  
V E L O C I T I  

I F P S I  

A8SOLUTE 
V E L C C I T V  

I F P S I  

433.125 
43 1.663 
440.440 
440.264 
437.393 
432.101 
426.698 
419.652 
41  1.726 

1 1 2.5490 
2 - 13.1014 - 
3 1 3 . 6 3 6 9  
4 14.1439 
5 14.6343 
6 15.1123 
1 1 5 . 5 e i i  
8 16.0630 
9 16.5000 

0 .  
5.68018 

11.37755 
17.0 662 0 

. 22.15500 
28.64312 
34.132 4II 
39.82 125 
45.51000 

421 9 19 
432.928 
435.91  1 
4 35.948 
433.142 
428.451 
422.399 
4 15.262 
40 1.206 

421.919 
432-928 
435.97 1 
435.948 
4 33.142 
428.451 
422.399 
415.262 
407.206 

-66.567 
-64.211 
-62.519 
-61.496 
-60 .B 31 
-60.496 
-60.4 17 
-60.545 - 60 -8 38 

437.96 
431.32 
436.67 
436.03 
435.39 
434.14 
434.10 
433.45 
432.81 

-8.841 
-8.431 
-8.168 
-8.029 
-1.995 
-8.031 
-8.140 
-8.295 
-8.491 

S r R E A M L l N E  R E L A T I V E  R E L A T I V E  R E L A I  I V E  R E L A T I V E  
F L O Y  * ’ 
IOEGl  4 - 1 

S TRE 4 ML I NE S 14 T I  C S T A T I C  SLOPE STREAI+.INE BLADE R E L A T I V E  MACH TOTAL TOTAL 
NUMBER P*ESSURE TEMPERATURE ANGLE CURVATURE V E L O C I T Y  V E L O C I T V  NUMBER PRESSURE TEMPERATURE ANGLE 

(PSI I IOEC 9 )  I D l t )  (PER IN)  I F P S I  ( F P J I  I P S 1  1 I O E G  R I  

1 
2 
3 

6.60 16 472.35 0. 0. 
L-bOOb 421.38 0. 0. 
6.6093 420.53 0. 0. 

510.320 118.306 0.71303 9.2732 465.29 -53.429 * 
533.626 131.644 0.13307 9.4465 466.66 -54.062 e---, 
514.559 155.600 0.151b1 9.6143 460.04 -54.161 

. _ ~  ____ 
4 419.90- 0. -- 0. 515.170 771.625 0 .16818-  9.7688 469.44 -55.600- 
5 6 . 6 1 2 ~  419.41  0. 0. 595.120 78b.CSl 0.78296 9.9115 410.88 -56.562 
6 
1 
8 
9 

6.-61?2- 
. .. 

6.b134 4 i 9 . 1 6  0. 
6.61 4* 419.95 0.  
6 .615I  418.80 0. 
6.6163 418.10 0. 

0. 
0.  
0 .  
0.  

614.560 199.541 0.79668 10 .0418 
633.624 812.414 0.80971 10.1811 

610.992 831.491 0.83495 10.4515 
652.409 a25.013 0.82241 10.3138 

412.36 4 1 . 5 9 1  *- 
413.88 -58.675 I 
415.44 -59.181 * 
411.01 -60.901 
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V 

S l W  AWL1 WE 
NUMB1 I 

STLTLIR 
Y I A L I I W I  

0.35325 
n. ib7  I I 

0.218117 
0.38677 
0.2944 1 
0.30183 
0.35905 
0.31609 

u.2 rnw, 

e 

noinn 
Y l A C l  l l l Y  

0.7391 6 
0.45061 
0.1)')09( 
U.53JJL 
0.4H 522 
0.44490 
0.41152 
0.38454 
0.3634s 

** STAGE I PERFORMANCE ** 
-- 

s11ron ROTOR 
PNFSSURE PRESSURF STATOR 

LOSS LOSS BLAOE ROY 
CUIIF I C I ~ Y I  ciirrricivqi ~ r i c i r w r  

0.07984 0.16481 0.94117 
O.OR022  0.11494 0.94625 

O.UUlO3 O.OV173 0.94360 
0.08146 0.08292 0.94241 
0.08191 0.07585 0.94129 

0.08285 0.06114 0.93921 
0.08335 0.066a 0.93824 

u m w  O . I I ~ W )  o.qh4mr 

0.08237 0 . 0 7 i i n  0.94023 

M A S \ ~ 4 V € R A G L O  O U A N l l l l E S  

SIATOR MADE-R 14 EFFICIENCY - 
noron BLmE-Ron EFFICIENCY 

STAGE YORg 

STAGE S T A T ' i  EFFICIENCY 
STAGE TOlAL CFFICICNCV 

S l U X  )LADE- 10 JET-SPEED R A T I O  

0.94261 

0.93320 

ROTOR 
n L m t  R O Y  

t r i t c i r w  
0.88555 
0.90491 
Om92121 
0.932118 
0.94055 
0.94572 
0.94924 
0.95165 
0.95326 

.. 

19.996 8TU PER L I N  
0.92037 

0.52634 
0.70738 

ROTOR 
I SCNIROPIC 
lrflCllNCV 

0.93341 
0.942(1\ 
omelrloo 
0.Y3714 
0.96109 
0.96365 
0.96528 
0.96624 
0.9bb11 

STAGE 
I I t Nr RDP IC  
8 ) )  I C  I tNCV I 

0.890 79 . _ - 1  
0.901 64 
0.9 1 13% 
0.9188b 
0.92430 
0.92833 
0.93136 - I 
0.93365 
0.93539 

I 
I 

. -___ 

. 2 

. . . . . .. . .- -_ 
i 

- . .  2 

. .. 

- . .... 

- _ _ _  - -. . - ._ . - -_-_I-. 
SPOOL Y O R I  19.996 8 l U  PER L8W 

----7 

, 
- - ___ - .- - __ SPOOL POYER = 1281.50 HP . - _ - _ _  

SPOOL TOTAL- T O  TOIAL-PRESSURE R A T I n  1.95694 
SPOOL TOlAL- 10 STATIC-PRESSURE R A T I O  9 2.22258 

SPOOL STATIC EFFICIENCY 0.78738 
SCOOL BLADE- 10 JET-SPEEO R A T I O  9 0.52b34 

I - - ..- SPOOL TOTAL EFFICIENCY * 0.92037 - - - -  - -A__- 

- _  -__ - -  - ._ - - - - I - - - . -_ - 

- -  - - __. - - - . _- - - / 
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I *  PROGRAM 10 - AERODYNAMIC CALCULATIONS FOR THE OCSIGN OF A X I A L  TURBINES ' 9  

-. 

t i lGHLV LOIDEO SINCLE SlAGE OESlCWS - HIAll l IP R A T I O  ebln.TOn.76 RESP. 

*** CEN€RAL INPUT OATA *** i 
. - ._ d. 

NUMBER OF SPOOLS = 1 _ _  
NUMBER OF SETS OF ANALYSIS V A R I A M E f  = 3 

W B € I  O F  S l ~ C A M L 1 W E S  = 9 
1 

- .--J 
CAS CONSTAN1 = 53.35000 LRF FTlLBM OLG R 

I N L E l  M A S S  FLOW 4S.11000 LBMlSEC 
-- - - 

IAWLAR INLET S P E C I F I C A I I O N S  

RAUIAL TOTAL TOTAL ABSOLUTE - 
COOROINATL TENPERAIURE PRESSURE FLOW ANGLE 

1 IN) 1DEC P I  (PSI ) (OEC) 

_d 

10.0000 518.10 I+.bPbO 0. 

L . - ~ . . .  ._ ..... - .. - 
I 

. - ** DESIGY REOUIRFMENTS ** 

S I A T I O N  NUMBER 

1 
2 
J 

C.24000 
0.24COO 
C.24000 - - - .  

ANNULUS S P € C l t I C A T I W  

A X I A L  P O S l f l O N  n u  RADIUS CASING RADIUS 
( I N )  I I N )  ( I N )  

0. 
1 .oooo 
2.0000 
3.0000 
*.oooo 

LO. 4990 15.0000 
10.4990 15.0000 
10.4990 15.0000 
10.4990 1~.0000 
lO.*POC L5.0000 

-------I - 

. ___I 

. . . . .  
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I 
I 
1 

I 
1 
1 

i 
I 
1 
I 
I 
I 
1 
1 

- - - -I__ 

BLADE-ROY E X 1 1  C O l l O l l I O N S  
- --. J 

RADIAL h H I R L  
S l A l O R  1 P O S I T l O Y  ANGLE 

I I Y )  IOEC)  

13.0000 61.100 

N O N O I M E N S I O N ~ L  
STIEAMINE P o n m  ourpur 

ROTOR 1 NUMBER FUNC I I ON 

0. 
C. 12103 
0.24320 - 
0.36650 
0.49093 
C.61650 
0.14320 
0.87103 
I. coooo 

, 
64SIC INTERNAL LOSS CORRELATIOM 

.. -1 

T A N I I M L E l  AMGLO + T A N I E X I T  A M U E I  10.02999999 + 0.15725499 * - I V - R A T l O I * *  3.60) 

l0~05500000 0.15000000 * l L V  PITlOI-0.600)) 

I F  I V  R A l I 0 )  A T .  0.6000000~~1, 

I f  I V  l41lOl .GT. 0 . b O O O O M O - ~ -  
*1 I MES* " . ...................................... 

0~60000000 0.8M)OOOOO * C O S I E X I I  ANGLE) 

. 
THE PRESSURE-LOSS C O E F F I C I E N T  COMPUlEO I N  7WIS MANNER M N  N O 1  EXCEED A L I M I T  OF I~OOOOOO00 

_ _  - _ _ _  _._I 

_ _  ABSOLUTE . ABSOLUTE 

NUMBER P l l S l T l O N  FUNCTION Y E L O C l l V  VELf lCITV VELOCITY H L O C I T Y  NUMRER PRESSURE 
S T R E I M L I N E  R A D I A L  MASS-PLUM M E R l O l O N I L  A X I A L  WHIRL ABSOLUTE MACH TOTAL 

- I I N l  L I E W S E C l -  I F P S I  _ _  I F P S I  _. I F P S L - -  - IFPSI- -_ I P S 1 1  

1 
2 
3 
4 
5 -  
6 
7 
6 
y .  

10.4990 0. 
11.1613 s . 6 8 m  
11.?365 11.37750 
12. )no2 ii.o(rt.25 

.12.9466-. L2.755OQ- 
13.4R93 28.44331 
lS.0113 34.13250 
14.5139 39.32125 
15.0000 45.51000 

243.416 
24 3 - 4 1  b 
243.416 
243.416 
243.416 ... 
743.416 
243.416 
243.+16 
24 3.416 

243.416 
213.416 
243.416 
243 A 16 

.. 243.416 
243.416 
243.416 
243.416 
243.416 

0. 
0. 
0 .  
0.  

-0 .  
0.  
0. 
0. 
0. 

243.416 
243.416 
24 3.41 6 
243.416 

243.416 
243.41 6 
243.416 
243.41b 

- 2 4 3 . 4 1 6 -  

0.21906 
. 0.21908 

0.21908 
0.21908 

- -0 .21908  _ - _  
0.21908 
0.21908 

0.21906 
. 0.11906. 

I 14.21 2n 
2 i + . z u n  
3 1*.212n 
4 14.21 21) 
5 14. 2 I28 
6 i4.zizn 
7 14.212U 
0 14.2128 . 
9 14.2126 

513.77 
513.17 
513.77 
513.17 
513.71  
513.77 
513.77 
513.77 . - 
513.77 

0. 
0. 
0. 
0 .  
0. 
0. 
0.  
0. 
0.  

0. 
0. - 
0. 
0.  
0. . .  
0. 
0. 
0. . - - 
0. 

14.6960 
14.6960 
14.6960 
14.6960 
14.6960 
14.6960 
14 .6960 
14.69bO 
14.6960 

. .  .. .. . ~ ..A 

... . .. . 

- . .. 7 .- 

1 . . - ~ 

ABSOLUTE 46SOLUTE * -  _I 
TOTAL FLOU 

TEMPERATURE ANGLE * 
IOEG R )  IOEGIL  +-- 
518.70  0. 
518.10 0. - . * _- 
518.70 0. 

I 

518.70 518.70 . 0. O.-_ -*_- * 
518.70 0. 
518.70 0. * ' 
518.70 - 0. - -  *I 
516.70 0. * 
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** STATOR E X I T  - ROTOR IWLLT 1 

- 1  

A X I A L  
VELOC I TV 

I F P S  I 

407.347 

Y H I R L  
V E L O C l T V  

I F P S I  

9b4.326 

318.066 
878.752 
844.640 
8 14.573 
787.739 
76 3 -549 
7 4  1.561 
121.433 

ABSOLUTE A8SOLUTE ABSOLUTE ABSOLUTE ' 
FLOY 1 ABSCLUTE MACH T O T L L  TOTAL 

V E L O Z I T V  NUMBER PRESSURE TEMPERATURE ANGLE 4 
I F P S I  I P S 1 1  I M G  Rl I O E G I  

__ 
510.70 67.100 ' 

I 
1046.832 1.03285 14.1392 

STRELML I N t  R A 0 1  4 L MASS-FLOY M E R I O I O N A L  
NU'ISER piisi n o %  FUNCTION V~LOCITV 

I I N I  I L B M l S E C I  I F P S I  

I 10.49YO 0. 4 0 1 . 3 4 1  

. _  - 

3ar.80b 
37 1.199 
356.790 
344.009 
332.754 
322.536 
313.248 
304.145 

996.614 
953.936 
916.906 
884.266 
855.136 
am.a77  
ao5.oor 
783.158 

14.1764 
14.2080 
14.2352 
14.2589 
14.2797 
14.2903 
14.3149 
14.3298 

518.70 67.100- 
51 8.70 67.103 
518.10 67.100 
518.70 67.100 
518.70 67.100 
518.70 b7.100 
518.70 67.100 
518.70 67.100 

- 
l I . 14YI  5.68834 387.806 

11.37616 $71.199 
17.06523 356.700 
22.15314 344.009 
L0.44229 332.754 
J4.13088 322.53b 
39.81950 313.248 
45.50014 304.745 

4-- - -  - 
0.9 11 62-  
0.92461 
0.88300 
0.04696 
0.81528 
0.78709 
0.76 175 
0.7 3R78 

2 
3 
4 
5 
6 
7 
8 
9 

L T Z E I M L I N C  
N L R B t R  

I 
2 
1 
4 
5 
b 
7 

9 
m 

S l R F 4 R  I Y E  
Nu l8 tR  

I 
2 
3 
4 
5 
6 
7 

9 
m 

S T Y E I M L I N E  
w a c a  

1 
2 
3 

11.7643 
12.3505 
12.91 36 
13.4576 
13.9852 
14.49117 
15.0000 

S l A T I C  
P R t S S U R C  

( P S I  I 

7.1859 
I .7213 
8.1175 
8.5725 
8.9189 
9.2260 
9.50U5 
9.7b 71 
9.97 I B  

R A D I A L  
P O S I  T I  ON 

I lk1 

10.4990 
11. 1986 

12.4215 
12.9750 
13.5012 
14.0138 
14.%1 I5 
15.0000 

11.n333 

S T A T I C  
PWESSURE 

I P S 1  I 

6.360)  
6.3702 
6.3792 

S T R E A M L I N E  R E L A T I V E  R E L A T I V E  
S T A T I C  SLOPE STREAMLINE BLADE R E L A T I V E  MACH TOTAL 

1EMPERATURt  ANGLE CURVATUIE  V E L O C I M  V E L C C I T V  NUMBER PRESSURE 
I0t.G RI I O t G l  (PER I N 1  I F P S I  I F P S I  I P S 1 1  

R E L A T I V E  R E L A T f V E  e - 7  
TOTAL FLOU 

1EMPERlTURE ANGLE .-J 
I M G  R l  I O E G I  

427.51 
436.05 
442.90 
448.74 
453.61 
457.85 
461.53 
464.70 
4bI.bb 

0.  
0. 
0. 
0. 
0.  
0 .  
0 .  
0. 
0.  

0 .  
0. 
0 .  
0.  
0 .  
0. 
0 .  
0 .  
0. 

4 26.955 
453.416 
4 78 -4 OR 
502.247 
525.147 
547.267 
568.724 
589.600 
bo9 a992 

674.315 __ 
b05.222 
545.952 
494.502 . . 
449.627 
410.551 
376.811 - 
348.158 
324.482 

O.bb531 
0.59126 
0.52917 
0.47621 
0.43066 
0.39141 
0.35781 . 
0.32945 
0.306 10 

9.6697 
9.7816 
9.8956 

10.0121 
10.1314 10.2530 

10. 3795 
10.5086 
10.6412 

465.35 
466.53 
457.78 
469.09 
410.4b 
471.88 
473.35 
474.86 
476.42 

52.831 * , 
50.151 
47.163 * I 

- 43.823 -I 
40.068 * 
35.855 * 
31.134 *- 
20.087 1 25.~17 * 

a* STAGE E X I T  1 ** -.. 

ABSOLUTE ABSOLUTE 
MASS-F LOU M E H I  O I O N A L  A X I A L  WHIRL A8 SOL UTE MACH TOTAL 
F U N C T I O N  V E L O C I l V  V E L O C I T Y  V E L O C I T V  V E L C C I T V  NUMBER PRESSURE 
I L B I I I S E C I  I F P S I  I F P S  I F P S I  I F P S I  . I P S 1 1  

ABSOLUTE ABSOLUTE 
TOTAL FLOW e l '  

TECPERATURC ANGLE , 
I O E C  R l  I D E G I  J 

0. 412.181 
5.68874 429.328 

11.37748 440.286 
17.06622 447.097 
12.75496 450.3b5 
2 8 . 6 4 3 7 1  440.901 
34.13246 444.584 
39.82122 438.136 
45.50997 430.148 

4 12.181 
429.328 
440.286 
447.097 
450.365 
448.901 
444.584 
438.1% 
430 140 

-1b5 -68 1 - 155.324 
-147.829 
-142.262 
-138.063 
-1 34.859 - 132.391 
-130.491 - 129.029 

444.233 
456.561 
464.441 
469.184 
471.052 
461.003 
463.878 
457.155 
449.084 

0.4411b 7.2697 
0.45431 7.3390 
0.46290 7.3883 
0.46825 7.4231 
0.67062 7.4432.  
0.46870 7.4424 
0.46399 7.4276 
4 - 5 1 3 9  7.4037 
0.44940 7.3 735 

438.41 -21.898 
437.61 -19.889 
436.90 -18.560 
436.14 -17.651 
435.39 -17.043 
434.63 -16.718 
433.87 -16.583 
433.12 -16.585 
432.36 -16.697 

. 

ST RE AMLI NE R E L I T 1  V L  R E  L A 1  I V E  
S T A T I C  SLOPE STREAMLINE BLADE R E L A T I V E  MACH TOTAL 

IEMPFRATURE ANGLE C U R V I T U R t  V E L O C I T Y  VELOCI  T V  NUM8ER PRESSURE 
l O t G  R l  I D E G I  I P C R  IN1 I F P S I  I F P S I  I P S 1  I 

421.99 0. 0. 426.954 721.B79 0.71680 B * 9 5 ? 4  
420.31 0. 0. 455.402 746.531 0.74284 9.1891 
618.99 0. 0. 481.214 167.820 0.76527 9.3997 

R E L A T I V E  R E L A T I V E  * -  
FLOY e 1 

TEMPERATURE ANGLE * 1 
I D E C  R l  I O E C I  - -4 

TOTAL 

465.35 -55.181 6 
4b6.68 -54.894 6 
468.00 -55.011 , 

I _. . I 

0 .  
0 .  
0. 
0 .  
0.  
0.  

- .- 
105.134 
?427.5.*: 
549.124 
569.086 
590.lZT 
609.992 

-_ 
~ r n b . 7 ~ 1  o.~s521--  9.!?bO 
(iS3.716 0.60101 %.,,EO 
8 ia .182  0.81801 9.9371 
831.174 0.83131 10.OR27 
841.35U 0.84380 10.2211 
855.091.- 0 .05569  10.3564 

409.83- 
6 i O . M  
472.01 
473.4b 
474.91 
4T6.U 
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I 

. . 

-__-  - S T R E A M L I N F I A T O R  __ ROTOR 
NUMBER REACTION RCACl  ION 

1 0.23253 0.93411 
2 0.24424 0.81071 
3 0.25517 0.11104 

___- - __--4_ ~ G ! b 5 4 8 . 0 . 6 2 8 5 2  
5 0.27527 0.55942 
6 0.28465 0.50178 

- -1 .  ___ - a 2 9 3 6 7  0.45335 

9 0.31081 0.37941 
n 0.30238 0.41281 

- - - _-- . - - . - - - 
1 

- --c”-- - _I___ - 
** STAGE I PERFORMANCE ** 

-7 - .__ - . . - . 

I 
- _-_. 2 

STATOR RO Toa 
PRESSURE PRESSURE STATOR ROTOR ROTOR STAGE 

COEFF I C  I E N I  COEF F I C I E Y T  EFF I C 1  E% Y E F F l  C I  ENCY EFF I C 1  ENCY E F F I C  I ENCV 1 
I 

LOSS LOSS - BLADE ROY - BLADE R O Y - U E N T R O P I C  ISENTROPIC - 

0.08007 0.27423 0.95108 - 0.82618 0.89442 0.84907 - --_--A 
0.08049 0.21411 0.94879 0.85969 0.91138 0.8b845 
0.08092 0.16969 0.94682 0.88609 0.92559 0.88426 
0.08138 0.13533 0.94508-.0.90753_- 0.93777 ._ 0.89797 ..- --- I 
0.08 186 0.10936 0.94350 0.92435 0.94774 0.90946 
0.08237 0.09325 0.542W 0.93515 0.95423 0.91757 
0 .08289 0.08310 0.94C7I .... 0.94216 ... 0.95841 . 0.92337 . __- 
0.08344 0.07656 0.93945 0.94680 0.96109 0.92762 
0.08402 0.07235 0.93826 0.94991 0.96278 0.930?9 

I 
1 - - - ._ ___I _ _  - - 

. - - - _- - -. - - - --- -_ .... _- ............. -2 I 
MASS-AV€RAGEO Q U A N T I T I E S  

- - -x. - - - .. - __ - -- - __ - - - - - - 
STATOR BLAOE-WY E F F I C I E N C V  0.94389 

- M l O R  BLADE-ROY E F F I C I E N C Y  O I 9 l l U  -_  - - _ _  __ - 
STAGE YDRK = 19.996 B T U  P E R  L8M 

- - - - - - _ _  ___ - - - STAGE TOTAL E F F I C I E N C Y  = 0.90224 - - - _. 
STAGE S T A T I C  E F F I C I E N C Y  9 0.75907 

STAGE BLADE- 10 JET-SPEC0 RATIO = 0.45605 - _ .  - 

. . . . . . . . . . . . . .  . . . .  

- - -  -1 

I 
I /  

. .  _ _  __  SPOQ PERFORMANCE SUMMARY (MASS-AVERAGED P U A N T I T I E S I  *** 

. . . .  _ _  . . . . . .  . . .  1 
SPOOL UORK 19.996 BTU PER LOW 

spna  Porn 1217.50 n P  
SPOOL TOTAL- TO TOTAL-PRESSURE RAT10 1.98632 

SPOOL TOTAL- TO STATIC-PRESSURE R A T I n  2.29858 
_ -  - SPOOL TOTAL E F F I C I E N C Y  = 0.90224 

spoa STATIC EFFICIWCY - 0.15907 
SPOOL BLADE- TO J E r - s P E E o  RATIO - a . 4 ~ 6 0 5  

- - - . - - - __ 

_. . . . . . . .  - . 
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* *  PICGRAM 10 - IERCCYNbMIC C b L C U L A l I O N S  FOR THE CESICN OF A X I A L  I U R B I N E S  * *  

* A L T E R N b T l V L  ANGLE O I S T R I B U T I O N S  FOR STAGE O f  HIGHEST LOAOING 

*** GENERAL INPUT C A l A  0.0 

NUMBER OF SPOCLS = 1 .. . 
WMBER OF S E I S  OF A N U V S I S  V M I A B L E S  = 2 

NUMBER OF SIREAMLINES - 5 

NUMBER OF SPOCLS = 1 .. . 
WMBER OF S E I S  OF A N U V S I S  V M I A B L E S  = 2 

NUMBER OF SIREAMLINES - 5 

GAS CONSTbNT = 53.3’1COC LBF F l l L B C  DLG I 
I N L E T  M A S S  R O Y  45.91COO LBMlSEC 

TABULAR I N L E T  S P E C I F I C A T I C N S  

R b O l b L  T O l A L  TOTAL ABSCLLTE 
C O C ~ O I N b T C  1fMPCR b T U I E  PRESSIRE FLOW bNCLE 

I IN)  (OEG R )  ( P S I )  (OEG) 

10.0000 C. 

*** SPCOL INPUT 0111 *e* 

I I 
I .- 

R O T b l I V E  SPEED .I 4bt0.0 RPM 
P W E R  OUTPLT = I281.SO WP 

NLRBER C F  S l A G E S  = I 

* P O U R - C U l P U l  S P L I T  

F R A C l I C N  OF 
STAGE NUMBER SPOOL PCLER O L l P L T  

1 I.CCCCC 

@ S P C C I I I C - P I 4 1  S P I C I I I C I I I C N  * 
CESIGN S T A l I O N  NUMBER S P E C I F I C  k E A 1  

I B l U I L B M  OEG I) 

1 c.24ccc 
2 c .24coc  
3 0.24COC 

ANNULbS S P E C l F I C A 1 I O N  

S T A T I C N  NUMBeR A X I b L  P O S 8 l l o N  HUB RADIUS CASING R A D I U S  
I I N 1  I I h )  I I N )  

. .  . .  .. I 

I 

. ... . . .- . - 
I 

0. s.21ao 1 3 . s c c o  
(1.21sc 13.5000 
8.215C 13.5ccc 
8.215C 13.5COO 

4.0000 8.2150 13. SO00 

0 
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I-_._ 
aLIot-ncn EXIT CONCITIONS 

R b C I b L  b H I R L  
STblOR 1 POSITICN bNGLE 

I I N 1  I OEG I 

13.0OCO 67.16C 

L C L O I C E N S I C N I L  
S T R E b M L I N E  PCUER O L l P U T  

m o a  i NUPBER F L N C T I C N  

1 E. 
2 0.1174C 
3 C. 23657 
4 C.3S811 
5 C.402tZ 
6 C.tO871 
1 C.73651 
e (-06740 
9 l.CC0CC 

B A S I C  INlERkAL LOSS C O R R E L b l l O N  

T A N I I N L E T  b f f i L E l  + T A N I E X I T  b N G L € )  (0.0299q999 0.1572S495 I V  O b l l O l * *  3.601 I I  I V  R b T I C l  ell. 0.6CCCOOOO 4 
* T I M E S *  y . ......................................... 

O ~ L O O O O U O 0  0~80000000 * C C S l C X l f  I N O L C I  ia.ossooooo + o.~scccccc * i i u  R~~IOI-Q.~OOII i t  i v  r w i o i  .GT. O.LOOOOOOO a 

- 

.. 

STREA RL I N €  
,NU*RER 

1 
2 
3 
4 
5 
6 
1 
8 
9 

SIREAMLINE 
NlJM8ER 

1 
2 
3 
4 
5 
6 
7 
8 
9 

.- 
WE PRESSURE-LOSS C C E F F I C I E N T  C O W U T E D  IN lWIS PbNNER MbV N O 1  EXCEED A L I P 1 1  CF 1.000OOOOC 

HA01 AL 
P C S I  II OM 

I I N I  

8.2150 

9. a070 

i 1. rva9 

9.0461 

10.51 3 0  
11.1744 

12.3919 
12.95 10 
13.50CO 

S l b T I G  
P R E  5 SURE 

IPS1 J 

14.2 12  I 
14.2127 
14.2127 
14. 21 27 
14.2127 
14.2127 
14.21 27 
15.2121 
14.2121 

- - __- 

*** CUTPUT OF SPCOL C t S 1 6 N  b N U V S 1 S  I S E 1  I CF b h A L V S I S  W R t I B L E S I  *** 

PASS-F LCU 
FUNCTICh V E L C C I T V  

ME P I C  I ONIL 

i L n w s L c i  I F P S I  

0. 243.432 
S.68075 243.432 

11. 37750 1 4 3 . 4 3 1  
17.06bZS 243.432 
22.75500 243.432 
20.44375 213.432 
35.13250 243.431 
39.82125 243.432 
45.510CO 243.432 

STR E h ML I N E  
STATIC SLOPE 

IEMPERbTURE ALGLE 
I O E C  R I  I E E G I  

513.71 C. 
513.77 0. 
513.77 0. 
513.77 0. 
513.71 0. 
513.77 0. 
513.71 0. 
513.77 0. 
513.77 0. 

** STbTOR I N L E T  1 ** 

A X I A L  
V t l O C l T V  

I f P S  I 

243.432 
24 3 -4  32 
24 3.4 32 
243.4 32 
243.432 
243.432 
243.432 
243.432 
243.432 

STREAML I N E  
CURV b 1 UR € 
i P t n  INI 

C. 
0. 
0. 
C. 
c. 
0. 
0. 
0. 
C. 

YH I b L  
VELOC I T V  

I F P S I  

0. 
c. 
C. 
E. 
0. 
C. 
0. 
C. 
0. 

be  mi IE 
V E L t C l I V  

I F P S I  

243.432 
242.432 
243.4 32 
243.432 
243.432 
243.432 
243.432 
243.432 
243.432 

A H l O l C 1 1 1  
H bCH 

LUMBER 

0.21509 
C.2 1909 
c.219c9 
c.21905 
0.215c9 
c. 219c9 
c. 2 1909 
c.21909 
O.ZICC9 

An SO LL  1c 
f C T I L  

PnEsx ln t  
I # S I I  

14.6560 
14.6560 
14.6960 
14.6940 
14 6960 
14.6960 
14.6960 
14.6960 
14.656C 

A I S O L C I E  AasoturR a 
10111 l L 0 Y  

T E L P E R f i T U R I  bNGLE 4 
IDEG n i  I O E G I  4 

510.10 c. I 
510.70 0. 4 
518.70 0. 
518.70 0. 4 
518.70 0. 
518.10 0. 4 
518.70 0. * 
518.70 0. 
51a.10 0. 4 
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** S T A l O R  E X 1 1  - R010R I N L E T  I ** 

ABSCLUTE A 8 S C L L T E  ACSOLCTE A8SOLUTE C 
MACF TCTAL T O T A L  F L O Y  4 

V E L O C I I Y  V E L C C I T Y  V E L O C I T V  U E L C C I T V  NLPBER PPESStRC T E P P E P b l U R E  ANGLE 6 
IFPSI I F P S )  I F P I )  I F P S I  ( P S I  I ICEC R l  IOEG)  

P E R l C l O N I L  b X l A L  Y H l R L  A 8 S C L L T E  R A D I A L  
P C S I  1 I C N  

( I N )  

8.2150 

PASS-FLOY 
F U N C T I O N  
I L E C I S t C )  

0. 510.10 t7.160 4 467.445 4t7.445 11CP.B37 1204.260 1.2314C 14.0222 

,-- 
9.05 7 6  
9.81 I4  

10- 5064 
11.150n 
11.17B7 
12.5126 

431.323 431.323 1C24.C75 l l l l . Z C 2  
403.941 4C3.941 559.Clb lCIC.t l3  

363.642 363.642 (63.383 93t . e38  
341.904 347.984 P26.2Cb e96.499 

322.289 322.289 l t S . 1 9 9  830.201 

381.961 381.961 9 0 6 . ~ ~ 5  984.031 

334.345 334.345 793.822 e61.360 

311.508 3 1 1 . ~ 0 8  7 3 9 . ~ 0 3  e c z . ~ 2 i  

-- 1.1114e i4 .oe96  518.10 61.160 6 
1.02549 14.1418 518.10 67.160 6 

518.70 67.160 4 
C.9053C 14.2108 518.70 67.160 
O.ebC4C 14.2484 518.70 61.160 
C.82201 14.2138 518.70 67.160 6 
C.78861 14.2958 518.10 61.160 
C.75913 14.3152 518.70 67.160 4 

c.95905 ;*.;e39 17.06451 
22.75204 
2R. 44 12 1 
34.12961 
39.81005 
45.50652 

12.9453 
13.5000 

S T P E A M L I N E  R E L A T I V E  R E L b T l V E  R E L A T I b E  R E L A T I V E  C 
MACM TCTbL  T O T 1 1  FLOM 6 SLOPE STREAMLtNE B L A t E  R E L A T I V E  

ANGLE CURVATURE V E L O C I T Y  V E L O C l l Y  NUMBER PRESSLRE T E C P E I b T U R t  ANGLE 6 
I O E G I  I P E R  I N 1  I F P S I  I F P S )  I P S 1 1  I C E G  0 )  I O L G )  

STREAMLINE 
YWBER 

S l A l l C  
PRESSUaE 

I P S 1  I 

S l A l l C  
TECPERATURE 

IOEG R l  

398.02 
415.95 
428.58 
438.12 
445.61 
451.82 
456.96 
461.33 
465. 11 

5.5490 
6. 5055 
7.2502 
7.0548 
I . 3 5 V O  
8.7883 
9.1596 
9.4841 
9.1123 

0 .  0 .  
0 .  0 .  
0 .  0 .  
0 .  0.  
0.  0 .  
0. 0 .  
0 .  0. 
0.  0 .  
0 .  0 .  

334iC12 

398.991 
421.253 
453.185 
478.594 
963.141 
5 26.434 
548.993 

36e. 330 
9C5.713 

t9c .557  
t13.133 
941.121 
491.578 
443.c33 
401.C91 
365.198 

n 4 . m  
C.92612 
c. 7 e s o e  
0.68c4e 
c.59157 
c.52929 
C.47178 
0.42215 
C.38096 
c.34545 

9.65?2 
9.7716 
9.8851 
9.9F96 

466.28 
561.21 
468.26 
469.41 
470.63 
471.93 

514.12 
416.21 

473.29 

58.929 
56.661 
54.200 
51.4b7 
48.401 
44.9% 
41.003 
36. 533 
31.462 

10.1161 
10.2354 
10.3578 
10.4036 
10.6132 

, 

ABSOLCTL A.BSCLUTE ABSCLClE  l C S O L U T E  4 
MACH T C l  bL 10111 FLOU 4 

I F P S I  I F P S I  I F P S I  I P S I )  I D E G  9 )  IOEG) C 

PASS-FLCU P E R l O l O h A L  b X I A L  Y H l P L  A I S C L L l E  
F L h C I I C N  V t L C C l T Y  V E L C C I T V  V E L O C I T Y  V E L C C l l V  NUMBER PRESSLRE TEPPERbTURC ANGLE 
I L B Y / S E C I  I F P S I  

S T R E A I L  IN€ 
NW8ER 

R ~ O I ~ L  
P C S I I I O Y  

( I N 1  

R.2150 
9.0718 
9.83 06 

10.51 62 
11. ISb2 
11.7638 
12.3503 
12.9262 
13. SO00 

0. 4 4 e . 7 ~ 8  
5.68818 472.361 

11.317% 48 1.525 
17.06130 482.780 * 
22.15504 479.380 
26.44370 472.427 
34.13253 459.733 

45.51004 420.691 
3 9 . 8 2 1 ~ 8  4 4 2 . 2 1 ~  

4 ~ 8 . 1 ~ ~  - 2 0 4 . ~ 1 9  
412.361 -2b3.6CZ 
481.S25 -251.524 

'482.760 -244.246 

412.427 -231.404 
459.733 -236.162 

479.380 -139.079 

4 u . m  - 2 3 s . m  
420.691 -235.615 

5 3 1 . 3 1 7  C.53C41 
540.935 0.54145 
543.261 C.54486 
541.C48 0.54346 
5 3 t . C l l  C.53FC9 

516.843 0.52055 

402.ZCl C.48567 

s 2 e . m  0.53724 

SCI.ISO 0.504e2 

7.C432 
7.1705 
7.2385 
7.2734 
7.2867 
7.2828 
7.2515 
1.1995 
1.1330 

441.18 -32.374 4 
439 .13  -29.164 
438.28 -27.581 4 
436.C3 -26.836 
435.39 -26.583 C 
433.94 -26.680 b 
432.49 -27.189 4 
431.C4 -28.014 I 
429.59 -29.258 

S T R E A I L  I N E  R E L A l I b E  R E L b T l V E  R E L A T I V E  R E L A T I V E  FLOY 4 
SLOPE SlREAMI.INE M A C E  l E L A T I V E  VACU TOTbL TOTbL 
ANGLE C U R V A T W E  V t L O C I l V  b E L C C l T V  NUC8PR PRESSURE I E r P E R I T U R L  ANGLE C 
I O E G I  (PER I N )  I F P S )  I F P S I  IPS11 I O E G  111 ( D E C I  

S l R E A M L I  NE 
N W B E R  

S I A T I C  
P l l f  SSURE 

IPS1 1 

~ . R I W  
1.8742 
5.9 154 

S T A T I C  
VCMPI R ATURE 

I U E G  I) 

417.6a 
415.30 
413.72 

n. 
0. 
0. 

0. 3 3 4 J 1 2  164.142 C.lbZO$ 8.5489 
0. 369.159 189.621 C.19C37 8.0692 
0.  399.174 809.916 0.81236 9.1289 

4b6.10 
461.26 
4b0.31 

-94.039 6 ~ 

-53.258 4 
-53.524 C 

1 
2 
3 

5.94 99 
5.9794 
6. 0 0 5 3  
6.02 us 
6.0490 
6.07C3 

412.41 
411.47 
410.bH 
410.26 
41 0.14 
410.24 

0. 
0 .  
0 .  
0 .  
0. 
0. 

C. 
0. 
0 .  
0 .  
0 .  
0 .  

469.43 
470.62 
471  d e  
473.12 
414.45 
416.11 

-54.302 I 
-55.348 
-56.575 4 
-50.093 4 
-59.840 * 
-61.803 a 

'. ..."+ ,j , .. 
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*e STAGE 1 PERFORPINCE ** 

$'IREAWLIN€ STITCR RCTCR 
NUMOE R 

1 
2 
3 

REACTION REACTICN 

0.20214 1.18S11 
0 .21901  0.59398 
C.23392 0.85256 
0.24738 C.14101 
0.25984 0.64965 
0.21154 0.51318 
0.28261 0.50934 
0.29319 C.4'1354 
0.30333 C.41018 

SIPTCR ROTCR 
PRESSURE PRESSLRF STbTCR R O T C R  PCTCR STACE 

L O S S  LOSS ELACE ROh BLADE RCh'ISENTRCPlC ISENlRCPIC 
COEkFICIENr COEFFICIENl EFFICIENCV EFFICIENCY EFFICIfNCY €FF IC I thCY 

6.07952 C.40543 C.95192 0.17273 0.83699 
O . C l S %  0.30253 C.95380 C.82007 0.86160 
0.C8C42 0.23634 0.95C63 C.85384 C.89039 

0.08143 C.15233 Cas4583 C.90126 0.92396 
0.08198 0.12365 C.54390 C.91863 0.93670 
0.08256 0.10616 0.94211 C.92962 0.94493 
O . O C ? l R  CeC9653 C.54C58 C.9359C 0.94969 
0.08382 C.C9209 ( -93911  0.93899 0.95105 

c.08091 c. iasco . c . w e c 3  c.81998 0.90868 

o . m a t i  
6.82142 
0 .84 t54  
C.867C9 
0.88451 
C.89916 
0.90959 
C.91644 
C.9ZCIO 
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0 MISS-AVERAGE0 OUANllIIES 

STAGE UORK 19.996 81L  PER LBC 
STAGE TOTAL EFFICIENCY = 0.87417 

STACE ST IT IC  EFFICIENCY 0.70772 
STACE BLADE- IO JET-SPEED RATIO 0 . 1 ~ 1 5  

0 

SPCCL UORU 19.996 a i &  PEn LOP 
SPOCL Porn = i z e i . s o  r p  

SPOOL ICTAL- TO TCTAL-PRESSURE R A T I O  9 1.03436 
SPOOL ICTAL- TO STITIC-PRESSURE R A T 1 0  - 2.46246 

SPOOL T O T I L  EFFICIEhCY Cet7417  
SPCOL STATIC EFFICIENCY C.70772 

SPCOL BLADE- 10 JET-SPEEE R A I I O  0 0.31C11I 

i 


